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Tissue healing is in general a complex process, which involves both local and 
systemic responses, and bone regeneration in particular is much slower than repair in 
any other human tissue. Thus, it exhibits a great challenge in clinical practice and in 
the field of research. Bone regeneration is comprised of a series of biological events, 
involving a number of cell types and intracellular and extracellular molecular-
signaling pathways, with a definable temporal and spatial sequence, in an effort to 
optimize the skeletal repair and restore its functionality. 
Photobiomodulation (PBM) therapy has been shown to be effective in modulating 
both local and systemic responses, by enhancing cellular activities resulting in an 
increase in function, especially in injured tissues, leading to optimization of tissue 
repair and regeneration. In bone tissue, application of the photonic energy leads to 
bone healing by the activation of osteoblasts, leading to proliferation and 
differentiation, as well as osteoclast inhibition and, consequently, neoformation of 
bone matrix.  The process of the in vitro pre-osteoblasts maturation, mimicking their 
in vivo behavior, passes through three distinct stages of development: proliferation, 
early differentiation (maturation) and late differentiation (mineralization).  
Despite the extensive research on the effects of photobiomodulation (PBM) light on 
bone regeneration, the current outcomes ranging from positive to negative effect 
remain controversial. These contradictory data are thought to be due to; incomplete 
knowledge and understanding of the mechanistic effects of laser light on cells, lack of 
standardized laser dosimetry, inefficient laser beam profile, improper study design 
and varied methods of investigation.  The literature is hindered by a considerable 
heterogeneity of the irradiation parameters of PBM, as well as, the methods 
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utilized to evaluate the results and the type of osteoblast-like cells irradiated. This 
has led to a need of standardization.  Moreover, heterogeneity of the current 
studies and their limitations could be due to study designs and inefficient beam 
profile, resulting in undesirable effects and accounting for negative and 
inconclusive outcomes. Ultimately, lack of intimate knowledge and understanding of 
the PBM light behavior impinging on the target tissue, as well as the optical tissue 
properties, can compromise optimization of the therapeutic outcomes.  Thus, an 
evidence-based decision for definite therapeutic application of PBM in bone 
regeneration is required.   
In this thesis, we addressed the above issues and challenges via two elements, the 
electromagnetic (EM) modeling experiments and the molecular and cellular impact of 
PBM on bone regeneration (In vitro studies). 
The Electromagnetic models 
In my PhD proposal, I intended to both create an EM model, for the first time, and 
examine the mechanism of interaction of the electromagnetic fields (EMFs) with 
cells/tissues and establish the link that can be utilized in my cellular experiments. As 
the project evolved, it became clear this work was breaking new grounds and was 
significantly more complex than initially envisaged. As it is a small part of a much 
larger exciting project undertaken by University of Genoa, it has meant that I need to 
coordinate my work with the overall timetable of this larger project.  As a result, I 
decided to defer, the interaction of the EMF with cells of interest part, to my Post 
Doctorate study. We developed, for the first time, a set of simple models to examine 
the behavior of the local electromagnetic field (EMF), determining the PBM effects 
on mitochondria. This set of models was tested and crosschecked for its validity by 
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evaluating various variables in terms of, polarization, absorption and scattering 
coefficient, dissipated energy density and irradiance, as well as the refractive index. 
Ultimately, our model and preliminary data would be the first stepping-stone for 
further experiments, in order to understand the mechanism of interaction between 
electromagnetic fields and cells or tissues. 
Our conclusions showed that when these set of models are utilized, for the 
phenomenon of interest, the incident field polarization had small effects on the 
electromagnetic field and negligible consequences on the average energy, as well as, 
on the dissipated power densities. The same was shown to hold true for different 
orientations that the mitochondria can assume.  
The analogous conclusions were obtained by taking into account the possible changes 
in the dimensions or of the real part of the refractive index of the considered 
organelles. The variations of the absorption coefficient were shown to have 
significant effects on the average dissipated power density in the mitochondria but 
these effects can be predicted in a surprisingly simple way.  
It was proved that the numerical analysis, of the problems of interest, could be 
computed by using three-dimensional models, involving only a few mitochondria in 
the plane, which was transverse to the direction of propagation of the illuminating 
light that generated a uniform distribution of the energy over 1cm2 area. The one-
dimensional models provided significant information on the EMF, utilized to 
stimulate the mitochondria. Mitochondria behaved like weak scatterers.  Therefore, it 
was not necessary to analyze large extension of such organelles to understand what 
happen inside one of them.  
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The molecular and cellular impact of 980nm PBM on osteoblast maturation: in 
vitro studies 
Our pilot study data, on the bone marrow stromal cells (BMSCs), strongly suggested 
that the high fluence concept (over 60J/cm2 in continuous emission mode (CW)) 
delivered by flattop beam profile device (FT) can promote BMSCs differentiation 
towards osteogenesis. Moreover, the results showed an increase in cytokines synthesis 
with potent anti-inflammatory properties and a decrease in the release of 
proinflammatory mediators. This provided me with a platform, demonstrating the 
validity of high fluence in facilitating osteoblasts differentiation through BMSCs.  
Based on this, I formulated three PBM protocols for 980nm to be tested on pre-
osteoblast cell line in my definitive in vitro studies. The first phase of in vitro studies 
aimed to evaluate the 980nm bio-stimulatory effects on osteoblasts maturation, 
optimise the PBM effects on bone healing with various beam profiles delivery 
devices, and establish protocol/protocols of 980nm PBM in bone regeneration. The 
primary objective was to determine the optimal 980nm dosimetry, which exerts bio-
stimulatory effects to accelerate and enhance the bone regenerative process. The 
secondary objective was to evaluate the intra-cellular pathways of the photon-cell 
interaction across the metabolic proliferative and differentiation changes, which 
ultimately lead to bone healing and repair. The results of this study validated the 
contribution of PBM in bone regeneration and elucidated the biochemical effects at a 
cellular level. Moreover, the role of different dosages of 980nm PBM irradiation 
delivered by FT; in comparison to the Gaussian beam profiles (Standard (ST)) on 
bone regeneration were highlighted. The setup of the power outputs on the laser 
device was 1.1Watt (W) for the ST and 1W for the FT. However, the real (the 
threshold) power output reaching the target, measured by power meter, was as ∼0.9 W, 
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(Irradiance ∼	0.9W/cm2, Exposure time 60 seconds, energy ∼55 J (Joule), fluence ∼55 
J/cm2) delivered with the FT beam profile in CW in comparison to the ST, on 
MC3T3-E1 pre-osteoblast maturation. The protocol was based on 60 seconds 
exposure time for two consecutive weeks, which employed for all the groups. 
The laser grouping and their associated irradiated energies were as follows: 
Group 1- Irradiation once per week (Total enrgy 110J). 
Group 2- Irradiaiton three times per week (Alternate day) (Total enrgy 330J). 
Group 3 - irradiation five- times per week  (Total energy 550 J).  
The control cultures were processed in identical conditions except that the laser 
device was kept off all the time. The total energy was 0J. 
The metabolic activity and the osteoblasts maturation were analyzed by alkaline 
phosphatase assay, alizarin red S histological staining, immunoblot and/or double 
immunolabeling analysis for Bcl2, Bax, Runx-2, Osx, Dlx5, osteocalcin, and collagen 
Type 1. Our data, for the first time, prove that laser irradiation of 980 nm wavelength 
with flattop beam profile delivery system, compared to standard-Gaussian profile, has 
improved photobiomodulatory efficacy on pre-osteoblastic cells differentiation. 
Mechanistically, the irradiation enhances the pre-osteoblast differentiation through 
activation of Wnt signaling as well as the Smads 2/3-βcatenin pathway.  
Our results indicated and valued the intra-cellular pathways of the photon-cell 
interaction across the metabolic, proliferative and differentiation changes in the cells. 
Additionally, our data showed that the cells irradiated THREE times a week (Total 
energy of 330 J) and ONCE a week (Total energy of 110 J) for two consecutive weeks 
protocols have increased the proliferation and differentiation of the osteoblasts in both 
ST & FT hand-pieces but the data showed increasingly statistical significant in the FT 
group. The only Runx2 was detected when the cells were irradiated with the ST hand-
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piece. Therefore, total energy of 110 J when either of the hand-pieces utilized, has 
influenced early differentiation markers.  Interestingly, when the process was carried out, 
until the mineralization and maturation (Late osteogenesis), the ST hand-piece 
irradiation failed to induce an effective process, and did not lead to matrix deposition, 
while the FT profile showed a significant effect.  
In conclusion, our data, for the first time, prove that laser irradiation of 980 nm 
wavelength with the FT beam profile delivery system in comparison to the ST profile 
has a great photobiomodulatory efficacy on pre-osteoblastic cells differentiation, which 
would assist in accelerating bone regeneration, due to its homogeneous energy 
distribution at each point of its cross-section. Moreover, the irradiation protocols of 
three times a week and once a week for two consecutive weeks were able to increase 
the pre-osteoblasts and osteoblasts transcription factors, which were strongly and 
statistically significantly increased when the FT hand-piece was utilized.  Therefore, 
the 980 nm laser irradiation protocol was able to promote the MC3T3-E1 cell 
differentiation.  
Researchers have demonstrated that the major barrier for an effective biological 
healing is insufficient laser photonic energy delivered to the injured site. PBM can 
modify the cell metabolism by increasing the mitochondria's ATP production. 
Currently, the challenge is to understand the target tissues optical properties and its 
cellular pathway when irradiated with laser phonic energy. In this way, modification 
of various energy exposure values can influence clinical outcomes predictability. 
Therefore, in the second phase of my in vitro study, we evaluated the effect of 980nm 
irradiation delivered with ST and FT beam profile hand-pieces on monolayer cell, at 
various power outputs; 0.8W, 0.5W and 0.25W. However, the exact power ouput 
values reaching the target, measured by power meter, were as follows: 0.75W, 0.45W, 
	 ix	
and 0.20W respectively. The MC3T3-E1 cells irradiated for two consecutive weeks, 
according to the following protocols: once a week (Total energy 90, 54, 24 J), 
respectively); three times a week (total energy 270, 162, 72J, respectively); five times 
a week (total energy 450, 270, 120 J, respectively). Metabolic activity of viable cells 
evaluated as follows: Hoechst staining; Western blotting for Runx-2, Bcl2, Bax, Osx, 
Dlx5, β-catenin, Smads 2/3, TGFβ, p.PI3K,  PI3K, p.AKt, AKt,  and p.ERK.  
Our data, for the first time, prove that the 980 nm irradiation at power output setting 
at 0.75W (0.75W/cm2) for 60 seconds in CW stimulated the MC3T3-E1 pre-
osteoblasts viability, by affecting the critical pre-survival markers such as p.PI3K, 
p.Akt, Bcl2 and Bclxl.  Moreover, we concluded that 980nm PBM delivered with FT 
at 0.75W power output was comparable to results with the ST.  However, 0.45W and 
0.20W did not modulate the cell metabolic features. Additionally, none of the laser 
protocols delivered with FT or ST had any influence on the cell differentiation 
process. 
In summary, our in vitro studies data, for the first time, have demonstrated the 
potential of utilizing the FT beam profile with our established protocols in bone 
regeneration, as a therapeutic tool for future pre-clinical and clinical applications. 
Moreover, these studies have shown the mechanistic effects of the PBM light on 
intracellular pathway across the metabolic and differentiation of the osteoblasts 
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switched off. At the end of each treatment, NIH Image 
measured the colony area for both in cultures laser 
irradiated and in the untreated ones. The values are 
reported as means ± SD and statistically analyzed; *p < 
0.05 versus the corresponding untreated BMSCs (A) were 
in accordance with ALP staining observed with a light 
microscope. Bar, 100 µm (B). 
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Figure 5 Time-course effects of laser irradiation on calcium 
deposition. BMSCs grown in osteogenic medium, as 
detailed in the Materials and Methods section, were laser 
irradiated over different period of time (Day 0: T0; 5 
days: T1; 10 days: T2; 15 days: T3). Control cultures 
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(Day 0: C0; 5 days: C1; 10 days: C2; 15 days: C3) were 
maintained in identical conditions except that the laser 
device was kept off. The results show the Alizarin red S 
staining observed with a light microscope (Bar, 100 µm) 
(A) and were in accordance with the quantitative analysis 
of Alizarin red staining, in which the values reported as 
means ± SD and statistically analyzed; *p < 0.05 versus 
the corresponding untreated BMSCs (B). 
 
Figure 6 Time-course effects of laser irradiation on TGF-β1 and 
TNFα synthesis in BMSCs by western blotting analysis. 
Cells were laser irradiated over different periods of time 
(Day 0: T0; 5 days: T1; 10 days: T2; 15 days: T3). 
Control cultures (Day 0: C0; 5 days: C1; 10 days: C2; 15 
days: C3) were maintained in identical conditions except 
that the laser device was switched off. At the end of each 
treatment, proteins from BMSCs irradiated and untreated 
were extracted, subjected to SDS-PAGE, transferred to a 
PVDF membrane, and probed with rabbit anti-TGF-β1 
rabbit anti-TNFα; then, filters were stripped and re-
probed mouse anti-α-tubulin antibody to show equal 
amount of loading. Graphic represents results of three 
independent experiments. Data were analyzed by using 
one-way ANOVA. Lowercase letters denote 





Figure 7 Effects of laser irradiation on cytokines and chemokines 
release. Cells were irradiated with 808nm over different 
period of time (Day 0: T0; 5 days: T1; 10 days: T2; 15 
days: T3). Control cultures (Day 0: C0; 5 days: C1; 10 
days: C2; 15 days: C3) were maintained in identical 
conditions except that the laser device was switched off. 
At the end of each treatment cytokines and chemokines 
were analyzed in medium from BMSCs laser irradiated or 
untreated. Graphic represents results of three independent 
experiments. Data were analyzed by using one-way 
ANOVA. Lowercase letters denote homogeneous subsets. 
Error bars represent ± SE (*p < 0.05). 
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CHAPTER V: PART II, PHASE I 
 
 
Figure 1 Effect of photobiomodulation on pre-osteoblast viability. 
(A) MTS assay (n = 3); (B) Western Blotting analysis of 
B-cell lymphoma 2 (Bcl2) and Bcl-2-associated X protein 
(Bax) proteins (n = 3); (C) BrdU cell proliferation assay 
(n= 3). Bars with different letters show statistically 
significant difference, among the analyzed samples. The 
values represent means ± S.E; p < 0.05, two-way 
ANOVA followed by Tukey test. 
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Figure 2 Effect of photobiomodulation on pre-osteoblasts 
differentiation. Western Blotting analysis of runt-related 
transcription factor 2 (Runx-2), osterix (Osx) and Distal-
less homeobox 5 (Dlx5) proteins (n = 3). Bars with 
different letters show statistically significant difference 
among the analyzed samples. The values represent means 
± S.E; p < 0.05, two-way ANOVA followed by Tukey 
test. 
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Figure 3 Effect of photobiomodulation on pre-osteoblasts 
differentiation. The Alkaline phosphatase enzyme activity 
and the image analysis (n = 3). Bars with different letters 
show the statistically significant differences among the 
analyzed samples. Values represent means ± S.E; p < 
0.05, two-way ANOVA followed by Tukey test. Bar 100 
µm. 
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Figure 4 Effect of photobiomodulation on pre-osteoblasts 
differentiation. Alizarin red staining and image analysis 
(n=3). Bars with different letters show statistically 
significant differences among the analyzed samples. The 
values represent the means ± S.E; p < 0.05, two-way 





A) Osteocalcin detection in the culture medium (n=3). (B) 






1 (coll1a1) and the image analysis (n = 3). The 
Fluorescence analysis was quantified by a Tecan Infinite 
fluorescence reader and values were analyzed by 
Magellan v4.0 software. Bars with different letters show 
the statistically significant differences among the samples 
analyzed. Values represent means ± S.E; p < 0.05, two-
way ANOVA followed by Tukey test 
Figure 6 Signaling pathways involved in osteogenic effects by 
photobiomodulation. Western Blotting analysis of 
transforming growth factor β (TGFβ) Non-phospho-β-
catenin (β-catenin) and phospho-Small-mothers against 
decapentaplegic (Smads) 2/3 proteins (n = 3). Bars with 
different letters, show statistically significant differences 
among the analyzed samples. The values represent means 
± S.E; p < 0.05, two-way ANOVA followed by Tukey 
test. 
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CHAPTER V: PART III, PHASE II  
Figure 1 Shows the effects of PBM on pre-osteoblasts viability. 
The results showed only a statistically significant increase 
(p<0.05) in the cell viability in the group irradiated with 
the ST once a week and by 0.75W (total energy 90 J). A 
statistically significant higher (p*<0.05) in cell viability 
showed in the cultures irradiated with FT when 3 & 5 
times per week protocols for 2 weeks (total energy 90, 
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270 and 450 J, respectively). No-effects observed in both 
the ST and the FT hand-pieces lasered samples (p<0.05) 
when irradiated with 0.4 W. 
Figure 2 Shows the effects of PBM on pre-osteoblasts proliferation 
using the Hoechst staining. The results showed only a 
statistically significant increase (p<0.05) in the cell 
differentiation in the group irradiated with the ST once a 
week and by 0.75W (total energy 90 J). A statistically 
significant higher (p*<0.05) in cell proliferation showed 
in the cultures irradiated with FT when 3 & 5 times per 
week protocols for 2 weeks (total energy 90, 270 and 450 
J, respectively). No-effects observed in both the ST and 
the FT hand-pieces lasered samples (p<0.05) when 
irradiated with 0.4 W 
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Figure 3 Effects of PBM on COB antiapoptotic signaling 
cascades. Bcl-2: An increase in the Bcl-2 expression after 
3 times and 5 times week protocols when COBs, treated 
with the ST & FT hand-pieces. Bcl-xl: Augmented in the 
COBs when treated with 5 times per week protocol by 
the ST and 3x and 5x week protocols when treated with 
the FT. p.ERK: strongly expressed, following the same 
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Table 1A         Design of the laser irradiation for the experimental set-up 
with with power meter. 
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ABBREVIATIONS 
ADSC: Adipose-derived stem cells. 
α-SMA:  Alpha smooth muscle actin  
AKT: serine/threonine kinase  
ALP: Alkaline phosphatase 
ATP: Adenosine triphosphate 
ANGPT2: Angiopoietin-2 precursor 
BGLAP: Bone GLA protein (also known as osteocalcin) 
BMD: Bone mineral density. 
BMMSCs: Bone-marrow mesenchymal stem cells 
BMP:  Bone Morphogenetic Proteins  
BMP2: Bone morphogenic protein-2  
BMSCs: Bone marrow stromal cells 
BSP: Bone sialoprotein 
BSP I/II: Bone sialoprotein I/II 
C: Velocity of light 
Ca+2: Calcium 
cAMP: Cyclic adenosine monophosphate  
CCO: cytochrome C oxidase 
CDK: cyclin-dependent kinase 
cm: Centimeter  
cm/sec: Centimeter per second  
cm2: Centimeter squared  
CO2: Carbon dioxide  
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Col: Collagen 
COL1A1: Collagen Type I Alpha 1 Chain  
COX: Cyclooxygenase 
COX-2: Cyclooxygenase-2 
CTNNB1: Catenin Beta-1 ECM Extracellular matrix 
CW: Continuous emission mode 
Dlx5: Distal-less homeobox 5 
EGF: Epithelial Growth Factor 
EGFR: Epidermal Growth Factor Receptor 
EM: Electromagnetic 
EMF: Electromagnetic field 
ELISA: Enzyme-linked immunosorbent assay 
ERK: Extracellular signal-regulated kinase  
ERK: Extracellular Signal-Regulated Kinases 
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FcRγ: Fc receptor common γ subunit  
FGF10: Fibroblast Growth Factor 10 
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G: Grams  
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hADSCs: Human adipose derived stem cell 
HCL: Hydrogen chloride 
HBD-2: Human β-defensin 2 
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HGF: Hepatocyte Growth Factor 
HSP90: Heat Shock Protein 90  
HUVEC: Human umbilical vein endothelial cells 




IL-1: Interleukin 1 
IL-2: Interleukin 2 
IL-6: Interleukin 6 
IL-11: Interleukin 11 
IL12: Interleukin 12 
INOS: Inducible nitric oxide synthase 
IR: Infrared 
JAK: Janus Kinase 
JKN: Jun Amino-Terminal Kinase 
J: Joule 
J/cm2: Joules per square centimeter  
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LLLT: Low-level laser therapy 
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MAH: Micro array hybridization 
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M-CSF: Macrophage colony-stimulating factor  
MSC: Mesenchymal stem cells 
m: Meter  
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mW/cm2: Milliwatts per squared centimetre  
MIS: Mullerian Inhibiting Substances 
mW: milliwatt 
MMD: macrophage differentiation-associated gene,  
MMPs: Matrix Metalloproteases 
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NAD: Nicotinamide adenine dinucleotide 
NADH: Reduced form of NAD+ 
nm: Nanometer 
ng/ml: Nanograms per milliliter  
Nd:YAG: Neodymium-doped yttrium aluminium garnet 
NFAT: Nuclear factor of activated T cells  
NF-κB = nuclear factor-κB  
NGPT-2: Angiopoietin 2 
NIR: Near-infrared 
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OD: Optical density 




M/L: Mole per liter 
MgCl2: Magnesium chloride 
MMD: Monocyte to macrophage differentiation associated 
MMP: Mitochondrial membrane potential 
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PBMT: Photobiomodulation therapy 
PDGFA: Platelet derived growth factor subunit A. 
Ph: Measure of the hydrogen ion concentration of a solution phosphoinositide-3-
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PPAR: Peroxisome proliferator activated receptor  
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PTGS-2: Prostaglandin-Endoperoxide Synthase 2. 
PTH: Parathyroid hormone  
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RANKL: Receptor activator of nuclear factor-κB ligand  
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ROS: Reactive oxygen species  
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ST: Standard (Gaussian) hand-piece 
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TGF: Transforming growth factor  
TGFα: Transforming Growth Factor Alpha  
TGF-β: Transforming Growth Factor beta  
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TNF: Tumor necrosis factor  
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TRAF: TNF receptor associated factor 
TRP: Transient receptor potential 
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n: Refractive index 
Ed: Energy density, 
 µa,m : Mitochondria absorption coefficient,  
n'm: Mitochondria refractive index 
r: Radius or distance. 
λ30:  The third power of lambda sub 0 (third power of the vacuum wavelength, the 
volume of a cube having an edge length equal to the vacuum wavelength) 
λ0: Vacuum wavelength 
N: Complex number given the differences of the electric fields computed at points ri 
for different domains dimensions. 
∫v: Volume integrals 
r': The real part of the relative permittivity  
r'': The imaginary part of the relative permittivity  
µ0: vacuum permeability 
E: The electric field  
H: The magnetic field  
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t:	Time 
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µ: Coefficient of friction 
µ0: Vacuum permeability constant 
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r: Particle density 
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ε′: The real part of relative permittivity of the mitochondrion 
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Bone regeneration has captured the interest of many scholars and investigators, in the 
field of medicine and dentistry.  Several therapeutic strategies have been proposed to 
optimize the conventional treatment of bone defects. However, there are many 
situations in which speed and effectivenss of the healing process can have a great 
impact on the success of various medical or surgical conditions, as well as in 
metabolic diseases. Photobiomodulation (PBM) at various wavelengths of the 
electromagnetic (EM) spectrum appears to be an attractive therapeutic choice, as a 
non-invasive modality, in accelerating bone repair and regeneration in critical and 
non-critical bone defects without adverse effects.  
The term biophotonics refers to the interaction between the light and biological tissue 
such as: organelles, cells, fibers, epithelial layers, and vessels. This new therapeutic 
modality has been rapidly growing, as a multidisciplinary field in the healthcare [1].  
Many therapeutic applications require knowledge of the light flux through the tissue. 
Photons that enter the tissue are scattered multiple times until they either escape or are 
absorbed (Figure1) [2].  Computer simulations that track the movement of photons 
through the biological tissues are based on the absorption and scattering properties of 
each specific tissue. The absorption and scattering coefficients and anisotropy factors 
(The direction in which photons are scattered in tissue) are determined through a 
combination of experimental measurements and the optical theory [3]. Furthermore, 
knowledge of the optical properties of tissues submitted to phototherapy is also of 
considerable importance to the obtainment of successful clinical outcomes [4]. Once 
established, the light attenuation coefficient, distribution of photons, scattering pattern 
within the tissue, and the optimization of the effects of phototherapy become a less 
complicated task [5]. From basic science regarding culture plates and media to the 
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applications on skin, mucous membranes, bone, enamel, and dentin, the optical 
properties of such structures has raised interest in the academic community [6-9].  
Studies have shown that the EM fields (EMFs) can promote osteoblast-like cell 
proliferation, or contrarily, induce differentiation and enhance bone mineralization 
[10]. The clinical benefits of the EMF therapy in enhancing osteogenesis have been 
acknowledged for decades. However, the disagreements regarding the underlying 
mechanisms continue to be sought [11]. Therefore, understanding the concept of EMF 
behavior and its attenuation in a tissue, and the optical properties of the light 
interaction with the matter, can assist in optimization of the therapeutic outcomes. 
Moreover, an understanding of light propagation in a tissue and the information 
content of the scattered light from tissues are mandatory for a successful realization of 
the potential of these optical approaches for achieving quality health 	
1.2 ELECTROMAGNETIC FIELD (EMF) 
Light is part of the spectrum of electromagnetic radiation (ER), which ranges from 
radio waves to gamma rays. ER has a dual nature as both particles and waves. As a 
wave that is crystallized in Maxwell’s equations, light has amplitude, which is the 
brightness of the light, wavelength, which determines the color of the light, and an 
angle at which it is vibrating, called polarization [12].  The wavelength (λ) of light is 
defined as the length of a full oscillation of the wave, such as shown in (Figure 1). In 
terms of the modern quantum theory, ER consists of particles called photons, which 
are packets (quanta) of energy, which move at the speed of light [13].  
The EMF is a physical field produced by moving electrically charged objects. It 
influences the behavior of materials or charged particles around the field. Light is an 
oscillating electric and magnetic field [14].  The oscillating charge creates an electric 
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field, which induces a magnetic field (Figure 1) [15].  The EM radiation is described 
as waves (photons) of the EMF, propagating through space, carrying EM radiant 
energy, which influences the behavior of materials or charged particles around the 
field.  The total amount of energy of the field is called EMF energy [16].  An EM 
wave is a traveling wave, which has time-varying electric and magnetic fields that are 
perpendicular to each other and to the direction of the propagation z (Figure 1) [15]. 
The basic properties of light are its wavelength, frequency, energy and speed. The 
wavelength and frequency of light determine where the light is located along the EM 
spectrum. Figure 2 shows the EM spectrum, which is the range of frequencies (the 
spectrum) of the EM radiation and their respective wavelengths and photon energy 
[17]. The visible wavelengths range approximately between 400–750 nm; beyond 750 
nm is invisible light. While the range from 750–1500 nm, the light is defined as near 
infrared (NIR).  The EM wave can be described by any of the following three 
physical properties: frequency (f), Wavelength (λ), or photon energy (E).  Figure 1 
shows all the possible frequencies of the EM radiation and the corresponding 
photonic energies [15]. The spectrum covers vast range of wavelengths from size of 
an atom to almost the size of the universe (over 26 orders of magnitude). The 
corresponding photonic energies occupy similar range from the immeasurable to the 
highly dangerous [15]. The photonic energy (E) of a single photon associated with the 
EM wave, increases with frequency and is given by the relationship shown below 
 






Figure 1: An electromagnetic wave consisting of electric and magnetic oscillating 
fields. In this example, the oscillating electric field vectors are indicated in red, while 




Figure 2: The electromagnetic spectrum showing the boundaries between different regions and the 
type of atomic or molecular transition responsible for the change in energy. The colored inset shows 
the visible spectrum. Source:  
(www.commons.wikipedia.org) (Modified [15]). 
 
When the EM wave of optical ray encounters a biological tissue, multiple effects of 
reflectance, absorption, and scattering take place, due to inhomogeneity of the matter 
(Figure 3). To characterize the properties of a biological tissue, four optical 
parameters can be derived from directed or undirected measurement of the biological 
tissues, which are as follows: refractive index (n), absorption coefficient (µa), 
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scattering coefficient (µs), and anisotropy factor (g). These parameters play a 
fundamental role in laser-tissue interaction. The ability of the a medium or a tissue to 
absorb EM radiation depends on a number of factors, mainly the electronic 
distribution in its atoms and molecules, the thickness of the absorbing layer, intrinsic 
parameters such as the concentration of the photoacceptors, and the wavelength [18]. 
Furthermore, it was suggested that the interaction of radiations with the tissues could 
depend on the number of the mitochondria in these tissues. Thus, when PBM is 
carried out by radiation at a very low power, photons are absorbed by the subcellular 
chromophores in the cell organelles, mainly mitochondria. Cells presenting higher 
numbers of mitochondria respond better to PBM therapy (PBMT) than those 
presenting with a lower number of mitochondria [19] 
 
1. 3 LIGHT AND TISSUE OPTICAL PROPERITES   
1.3.1 Propagation of Polarized Light in Tissues 
Laser is an acronym for Light Amplification by Stimulated Emission of Radiation, 
which emits light through a process of optical amplification based on stimulated 
emission of photons [20]. The emitted laser light has a high degree of spatial and 
temporal coherence, which is unattainable using other sources.  The laser beam can be 
focused to a very tiny spot, thereby, achieving a very high irradiance or they can be 
used as a beam of low divergence, in order to concentrate their power at a large 
distance [21].  When the light interacts with the tissue, the photons are absorbed or 
remain unabsorbed within the tissue. The unabsorbed light either is transmitted, 
emerging from other side or else it gets re-emitted (Figure 4) [2]. When light is in the 
tissue, it may change its direction or continue to travel in its previous path. Light is 
assumed as a stream of photons, and the particle theory of light explains the quantum 
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nature when absorption of light increases the energy of the system. The interaction of 
light with tissue depends on the properties of incident light and optical properties of 
tissue, which controls the light propagation [22]. 
 
 
Figure 3 Schematic of light propagation in tissue (courtesy of Anna N 
Yaroslavsky, Wellman Center for Photomedicine). 
 
The interaction of a material with the optical waves and photons is strongly dependent 
on the structure, which can then be used to control light field distribution and light 
propagation. This allows the development of a large range of key components for 
optical schemes, which is a major field of photonics [23].  Light energy propagation 
in biological tissue is related to the tissue optical properties.  Refractive index is an 
essential parameter of tissue optical characteristics. The analysis of light propagation 
and the optical characterization of a heterogeneous medium, such as bone tissue, are 
very complex. Most available methods apply to a homogeneous medium or require 
isotropic propagation, which is not the case with bone tissue [24]. This was one of the 
challenges that we faced when we examined the EM behavior. Therefore, we 
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introduced, for the first time, an EM model to evaluate the propagation of the PBM 
light in illuminated mitochondrion (Chapter III).  
 
1.3.2 Absorption and scattering phenomena 
When light travels through biological tissues, multiple scattering and absorption are 
responsible for the decay and an enlargement of a laser beam. Light propagation 
within a tissue, therefore, depends on the scattering and absorption properties of its 
components. The wavelengths of the absorbed light are generally characteristic of the 
absorbing components, called chromophores. Scattering depends upon variables, such 
as shape, size, and refraction index of the tissue at a certain wavelength, and is mostly 
due to discontinuities in the refractive index on the microscopic level [25].  
Futhermore, the absorption and scattering of laser light are important in predicting the 
extent of the tissue injury. As tissue is irradiated, the light traveling through the tissue 
is attenuated by the absorption and scattering phenomena [26]. The proportionality 
constant describing the amount of light attenuated by absorption is called the 
absorption coefficient (µa) [24]. The constant describing the attenuation of light due to 
scattering away from the direction of propagation is the scattering coefficient (µS).  
While the absorption coefficient (µa) is the probability of photon absorption in a 
medium per unit of path length [24].  The anisotropy coefficient (g) is a parameter, 
which describes the fraction of light scattered into any given direction and is equal to 
the average cosine of the scattering angle [27].  Effective attenuation is defined as, the 





t = µa + µs       (2) 
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However, the linear optical coefficient µi (I     a,s,t) are defined, so that define the 
absorption, scattering, and propagation mean free paths, respectively [28]. 
Ia = µa-1, Is = µs-1, It = µt -1          (3) 
The function p(s, s') is the probability density function, giving the probability of 
photon scattered from an initial propagation direction s to a final direction s'.  
The linear optical coefficients are related to the absorption and scattering cross-
sections (Sa and Ss respectively) by the below equation, where r is the particle 
density. 
µa  = rŊsa , µs = rŊss      (4) 
The integral of phase function or the differential cross-section may be normalized to 
one or more frequently to ratio µs / (µa + µs ). 
In general, the scattering coefficient (µs) and scattering anisotropy factor (g) of a 
tissue are dependent on the refractive index mismatch between the cellular tissue 
components such as; cell membrane, cytoplasm, cell nucleus, cell organelles, melanin 
granules, and extracellular fluid. Most of the light scattering in a tissue is believed to 
take place at various membrane boundaries, in both the cell membranes as well as the 
membranes of the various organelles inside the cell. The light attenuation in a tissue is 
caused by the absorption, scattering, and at a small amount by reflectance 
phenomenon. Chromophores such as, melanin, hemoglobin and proteins may 
influence the light scattering and absorption events, and the tissue surface may 
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produce reflectance [26]. 
In the NIR region of the EM spectrum, the total amount of absorption is due to the 
interaction with all chromophores. However, scattering is quite low. The effect of 
scattering is therefore much more important than absorption [29].  It is worth 
mentioning here that the material and tissues can be divided into two classes based on 
how the velocity of light of a particular wavelength varies in a material [30,31].  
These classes of materials are as follows: 
1- Materials, whose refractive index does not depend on the direction of the light 
travels, are called isotropic materials. They have a single and constant 
refractive index for each wavelength. 
2- Materials, whose refractive index does depend on the direction of the travelled 
light, are called anisotropic. 
 
1.3.3 Absorption theory  
In a non-scattering homogeneous medium with an absorber present, the loss in 
intensity is due to the absorption, as the light travels through a medium is given by the 
Beer Lambert law: 
I out = exp (-µad)                (5) Iin 
where Iin is the intensity of the incident light, while Iout is the intensity at distance d 
(mm) from the input,. The µa is the absorption coefficient for that medium in mm-1.  
The inverse of µa , 1/µa  can be taken to be the absorption length, which is the distance 
where the light has to travel, in order to be attenuated by a factor of 1/e [32,33]. The 
effectiveness of a compound, as an absorber, is given by its extinction coefficient also 
identified as a specific absorbance, ε (mm-1@Molar-1).  This is equal to its absorption 
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coefficient per unit of concentration in Molar [32,33].  The absorption coefficient for 
a single compound at a given concentration c is therefore given by: 
µa = cε      (6)  
Another quantity that is often found in the literature is referred as an absorbance or an 
optical density (OD): 
 OD= log10   Iout / Iin                (7)  
This is normally expressed in units of log base 10. Some authors also used units of log 
base 10 for µa and ε and often the log base used is not specified, leading to 
considerable confusion. In biological tissues there are in general many different 
absorbing compounds present [32,33].  
1.3.4 Refractive index 
Refractive Index (Index of refraction) is a value calculated from the ratio of the speed 
of light in a vacuum to that in a second medium of greater density. The refractive 
index variable is most commonly symbolized by the letter n or n' in descriptive text 
and mathematical equations. Snell's law was originally defined by the relationship 
between the incident angles and the ratio of the velocities of light in the two media 
[34]. The refractive index is the ratio between the velocity of light (c) in free space 
(For all practical purposes, either air or a vacuum) and its velocity η in a particular 
medium: 
n = c/η      (8) 
As the refractive index of a material increases, the greater the extent to which a light 
beam is deflected (or refracted) upon entering or leaving the material. The refractive 
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index of a medium is dependent (to some extent) upon the frequency of light passing 
through, with the highest frequencies having the highest values of n.  
It is worth mentionaing here, that the reflection is a phenomenon that occurs when an 
EM wave of a given wavelength moves from a medium with of a refractive index n1 
to a different medium with a refractive index n2 (Figure 4) [2].  In the case of normal 
incidence (90° between incident light and target medium), a portion of the light is 
back reflected [35]. The tissue components that contribute most to the local refractive 
index variations are the connective tissue fibers (Either collagen or elastin), which 
form part of the non-cellular tissue matrix around and among cells; cell membrane, 
cytoplasmic organelles (Mitochondria, lysosomes, and peroxisomes), cell nuclei, and 
melanin granules [36].  While refraction is another light property, which describes 
how the light bends when it passes through a substance. In addition, the light exhibits 
a property called dispersion, in which the light breaks down into individual 
wavelengths, such as in a prism. 
 
1.3.5 Optical tissue interaction 
The interaction of the radiation with the matter can be considered the most important 
process in medicine and dentistry. The ability of light to penetrate the tissue and 
deposit energy via the optical absorption properties of the tissue is the key to the 
therapeutic applications.  The second step is to use the optical properties in a light 
transport model to predict the light distribution and energy deposition. Moreover, the 
absorption and scattering coefficients, anisotropy factor of the tissue, and the 
thickness of the target tissue layers need to be taken into consideration [26]. Thus, it is 
crucial to examine first the optical properties of the biological tissue, focusing on the 
interaction of the light with the tissue. This importance is due to the dependency of 
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light penetration inside the biological tissues on the laser parameters and the optical 
properties of the target tissue [37].  Therefore, each biological tissue has its specific 
functional response when irradiated by light [38]. 
Evidence-based research has tabulated the optical properties (Absorption, scattering, 
anisotropy, reduced scattering, refractive index) of various tissues measured at some 
or many wavelengths [39-42]. However, the tabulated values are only an 
approximation of actual optical properties of a particular tissue in vivo.  Firstly, the 
tabulated values may not be accurate due to the measurement artifacts. Secondly, the 
living tissue of a particular person is subject to variations in blood, water, and 
collagen contents as well as fiber development. These variations are significant from 
one person to anothere, one site to another of the same person or even from one time 
point to another at the same site [39-42]. The tabulated values may not include the 
wavelength of interest.  
Perhaps it is more useful to understand the expected standard behavior of optical 
properties, and to anticipate the variation in tissue constitution that yields the tissue 
optical properties at any desired wavelength (Figure 4) [2]. Many biological tissues 
are optically anisotropic including bone.  The ability of a medium or a tissue to absorb 
the EM radiation depends on number of factors; mainly the electronic distribution in 
its atoms and molecules, the thickness of the absorbing layer, and the intrinsic 
parameters such as; the concentration of the photoacceptors and the wavelength [43].  
So, when PBM is carried out by radiation at a very low power, photons are absorbed 
by the subcellular chromophores in the cell organelles, mainly mitochondria, such as 
cells presenting with higher numbers of mitochondria would respond better to PBMT 
than those presenting with a lower number of mitochondria [19].   The absorption and 
the scattering phenomena become significantly low, as the radiation wavelength gets 
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longer, such as the penetration depth of NIR.  Moreover, at longer wavelengths, water 
becomes an important absorber and penetration depth of radiation gets lower again 
[44].  So, it is crucial to have knowledge of the tissue properties and the light 
interaction, for the development of a novel optical technology, especially in the field 
of photobiomodulation therapy (PBMT).  Many investigations related to tissue optical 
properties determination are available in literature.  However, the optical properties of 
many tissues have not been studied in the scope of a wide range of wavelengths.  
 
 
 Figure 4: The optical behavior of tissue layer during irradiation with laser light [2] 
 
Measurement of tissue optical properties and determination of light propagation 
parameters in a tissue may offer several clinical applications. For any phototherapy 
application, the induced effect will depend on the chromophores concentration and 
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the light flux at the target site. The determination of these parameters is, therefore, 
crucial for the success of any phototherapy. Equally, a change in biochemical 
composition or morphology of tissue results in a change in the spectral dependence 
and magnitude of µa and µs, respectively. Therefore, the absorption and the scattering 
of laser light are important in predicting the extent of tissue injury or therapeutic 
benefit. 
It is important to mention here, that the optical window of wavelengths ranging 
between 600-1100nm exerts several therapeutic outcomes (Figure 5). Most of the 
biological tissues are characterized by a strong optical scattering in this region. The 
photons both diffuse and attenuate in the biological tissues. Scattering of laser light by 
cells, nuclei, mitochondria, lysosome, macromolecules, membranes and other 
components, results in diffusion of light in the biological tissues. The optical 
scattering originates from light interaction with the biological structures, ranging from 
cell membranes to whole cells.  The size of these scatterers varies from 10 nm to 10 
microns [36].  These scatterers are distributed randomly in a biological tissue; photons 
usually encounter multiple scattering events. As the scattering coefficient (µs) is the 
probability of photon scattering in a medium per unit path length, while the scattering 
mean free path (Spatial interval between two adjacent scatterings) is the reciprocal of 
scattering coefficient.    
The scattering coefficient of biological tissues depends on the wavelength of the laser. 
In most biological tissues, the majority of scattered light travels in forward direction. 
So, these biological tissues have anisotropy, which is convenient to define a phase 
function p (θ) of a photon to be scattered by an angle θ. If p (θ) is a constant and not 
dependent on θ, the media is called isotropic, otherwise, it is called anisotropic 
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medium [45].  The scattering of light arises because of the density variation. The 
effect is due to the presence of different types of molecules in a tissue [45]. For most 
tissues, over the wavelength range of interest (500-1000nm), the scattering coefficient 
is considerably larger than the absorption coefficient with one exception, which is the 
liver tissue whose is highly light absorber.  Scattering of light in a biological tissue is 
highly anisotropic. It tends to be strongly forward peaked, representative of large 
particle scattering.  
 
Figure 5: Absorption spectra of the main chromophores in living tissue on a log 
scale showing the optical window where visible and NIR light can penetrate 
deepest into tissue. [Modified 44]. 
 
1.4 CONTRIBUTIONS OF THE MITOCHONDRIAL CHROMOPHORES 
FOR RED AND NEAR INFRARED (NIR) LIGHT  
The mitochondrion is an extremely interesting and important organelle in the 
eukaryotic cells. It is the only organelle (other than the nucleus, of course) that has its 
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own DNA independent of the cell's chomosomal DNA; because of this and the fact 




Figure 6: The biological cell and its cell membrane.   
Modified from http://commons.wikimedia.org/  
	
Among other things, it performs cellular respiration, has an electron transport system 
that occurs across membranes, and produces ATP.  The mitochondrion has four 
compartments: an outer membrane, an inner membrane (Made of cardiolipin), an 
intermembrane space (between outer and inner membranes), and a matrix (Inside 
inner membrane) (Figure 6) [47].  The processes that happen in the mitochondrion are 
pyruvate oxidation, the Krebs cycle, the metabolism of amino acids, fatty acids, and 
steroids, as well as, generation of the adenosine triphosphate (ATP).  The ATP is used 
for energy, which is through the electron-transport chain and the oxidative-
phosphorylation system (respiratory chain) in the inner mitochondrial membrane 
(Figure 7) [48]. 
Mitochondria are generated by the expression of genes on both nuclear and 
mitochondrial genomes. Mitochondrial biogenesis is highly responsive to the cellular 
demands for energy and environmental stimuli (Figure 6) [46].  Since the beginning 
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of the 20th century, the idea of the EMFs could interact with cells, tissues and 
organisms presented, as it was known that cells have and are surrounded by electrical 
charges. Subsequently, the ions have an important role in cell physiology (Figure 7) 
[48]. 
 
Figure 7: The role of IV mitochondrial respiratory chain in the 
mechanism of PBM [48]. 
 
Phototherapy is involved in the transformation of light energy to chemical, kinetic or 
heat energy, in order to achieve desired physiological results. As stated by the “First 
Law of Photobiology”, the light energy must be absorbed by an atom or molecule in 
order to initiate a physical or chemical process [49].  Therefore, the light that is used 
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for therapeutic applications must be absorbed by specific chromophores in the 
biological tissue. These chromophores may be endogenous (naturally occurring in 
cells or tissue), which is related to PBM, or exogenous (deliberately added to cells or 
tissue for a therapeutic purpose).  
The wavelength of the light consists of packets of EM energy that also has a wave-
like property. It is expressed in nanometres (nm). Wavelengths in the range of red 
light and NIR are able to induce significant physiological changes inside the tissue. 
According to modern knowledge, the red light inside the cells activates the 
mitochondrial enzyme (Cytochrome c oxidase), improving the mitochondrial 
respiration, and oxygen consumption [50,51].   This shift in the cellular metabolism 
leads to other changes in cell function, e.g. gene expression and growth factor 
production [52].  As the principle chromophores for PBM are located inside the 
mitochondria, it follows that the cells with a large number of mitochondria and a high 
metabolic activity are particularly responsive to light [19], as it is the case in bone 
cells [53]. One of the most frequently observed changes when PBM experiments are 
conducted in vitro was modulation of levels of reactive oxygen species (ROS) [54].  
The production of modest amounts of ROS by red/NIR light being absorbed in the 
mitochondria is reasonably well established [55]. It is known that the mitochondria 
are one of the most important sources of ROS in mammalian cells [56]. 
The structure of chromophores and their redox state determine which wavelengths 
will be absorbed. PBM devices are typically within the range of 600-1100 nm because 
there are many absorption peaks for cytochrome c oxidase in that range; they 
penetrate tissues better than other wavelengths [44]. However, there is a range 
between 700-770nm, where broadly speaking, the results are likely to be 
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disappointing [57].   Since the biological effects of light continue to be observed, as 
the wavelength increases in the infra-red region (>1000 nm), beyond those known to 
be absorbed by CCO.   It is now thought likely that an alternative chromophore must 
be responsible. The obvious candidate for this latter is water molecules whose 
absorption spectrum has peaks at 980 nm and in most wavelengths longer than 1200 
nm. Moreover, water is by far the most prevalent molecule in a biological tissue 
(particularly considering its low molecule weight = 18).  Wavelengths longer than 900 
nm are also absorbed by water and not only by CCO.   It is speculated that these 
longer wavelengths are as well absorbed in phospholipid bilayers and cause molecular 
vibration sufficient to perturb ion channels and alter the cellular function. For various 
reasons, it has been proposed that PBM can have a biological effect on the ion 
channels [57].  These reasons include the biological effectiveness of wavelengths that 
are much longer than those absorbed by CCO, the rapid influx of calcium into cells 
exposed to PBM irradiation, and certain applications of PBM to relieve pain that 
cannot be explained by overstimulation of mitochondria.  Recent studies have 
revealed that the existence of a large group or family of ion channels called transient 
receptor potential (TRP) channels (Figure 8) [58,59].  So, NIR light in the region of 
980nm may directly disturb the conformational structure of the transient receptor 
potential cation channel subfamily V (TRPV) channels via absorption by 
nanostructured water [60].  It is essential to mention the importance of the penetration 
depth, which is defined, as the depth at which there is a sufficient power density to be 
above the threshold required for a therapeutic benefit. It is accepted that the 
penetration of the light into a tissue is governed by both the absorption and scattering, 
as well as by the composition and thickness of the tissue [61].  
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EM fields (EMFs) are reported to have some beneficial effects on bone and it has 
been suggested that they stimulate the bone formation and inhibit the bone resorption 
[62]. Subsequently, it has a great effect on bone metabolism. Therefore, EMFs have 
been successfully utilized in clinical applications of bone regeneration.  However, the 
cellular mechanism (s) by which EMF can enhance bone remodeling and repair are 
still elusive. Our cellular in vitro studies have shed a light on the mechanism of the 
intracellular interaction of the photonic energy of 980nm on osteoblast proliferation 
and differentiation (Chapter V).   
 
 
Figure 8: Photobiomodulation mechanism of action of 810 nm, versus 
980nm,via cytochrome c oxidase; heat-gated ion channels respectively [58]. 
Abbreviation: TRPV Transient receptor potential cation channel subfamily 
V, ADSC: Adipose-derived stem cells. 
 
 
1.5 WAVELENGTH-DEPENDENT PENETRATION DEPTH OF LIGHT 
The use of PBM in patients almost exclusively involves red and near-infrared light 
(600– 1100 nm) [63].  The absorption and scattering of light in the tissue are both 
much higher in the blue region of the EM spectrum than the red light. The principal 
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tissue chromophores (hemoglobin and melanin) have high absorption bands at shorter 
wavelengths, tissue scattering of light is higher at shorter wavelengths and water 
strongly absorbs infrared light at wavelengths >1100.   
Wavelength has a great impact on the tissue penetration. The shorter wavelengths 
ranging from 600 to 700 nm are considered the best to treat superficial tissues, and 
those between 780 and 950 nm are chosen for deeper-seated tissues, due to longer 
optical penetration distances through tissue with the latter group [64]. Moreover, the 
NIR wavelengths require substantial doses of light to achieve an optimal outcome 
[64].   Beam coherence is maintained as the laser beam penetrates the tissue along 
with polarization, which may be an important factor in allowing the laser light to 
effectively treat deeper-seated tissues.   
The infrared wavelengths show better effects on bone repair compared to red 
wavelengths.  Hudson et al., 2013 ex vivo study showed that the 808nm at 1mW/cm2 
can penetrate at 3.4 cm in bovin tissue (Figure 9), when irriadaited with top-hat beam 
profile (A near-uniform fluence at 1cm2 area) [65]. However, when the 980nm 
irradiated the tissue at 1mW/cm2 fleucne with the same beam profile showed a 2.2cm 
penetration depth in bovin tissue (Figure 10) [65]. Thus, I have chosen the 980nm 
wavelength for my in vitro experiments to demonstrate its effects in bone 
regeneration with two different beam profiles (Chapter V).  The optical properties of a 
tissue affect the therapeutic applications of the light. Hence, the ability of light to 
penetrate a tissue, interrogate the tissue components, and deposit energy, via the 
optical absorption properties of the tissue, is the key of the therapeutic applications. 
Furthermore, complete knowledge of the light penetration depth and its distribution 
inside the biological tissue is difficult to obtain, due to the absorption and scattering, 
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which are depending on the wavelength, tissue biochemistry and anatomy [26]. 
Hence, specifying the optical properties of a tissue is the first step towards properly 
developed devices, and planning therapeutic protocols. While the second step is to use 
the optical properties in a light transport model to predict the light distribution and 
energy deposition. These issues have been addressed in our in vitro experimental 
setup. 
 
Development of phototherapy has stimulated the investigation of optical properties of 
various biological tissues, since the efficacy of laser treatment depends on the photon 
propagation and fluence rate distribution within the irradiated tissues. Numerous 
investigations related to determination of tissue optical properties are available.  
However, the optical properties of many tissues have not been well studied in a wide 
wavelength range. This has led us to introduce EM models, for the first time, to 
understand the behavior of the NIR light attenuation in the mitochondrial 
biological aspect (Chapter III).  
 
1.6 SUMMARY 
The development of an optical method in modern medicine in the areas of 
diagnostics, therapy and surgery has stimulated the investigation of the optical 
properties of several biological tissues, since the efficacy of laser treatment depends 
on the photon propagation and on the distribution of the fluence rate within the 
irradiated tissues.  Intimate knowledge of tissue optical properties is crucial for the 
development of the novel optical technologies of PBM therapy.  Many investigations 
related to tissue optical properties determination are available in literature.  However, 
the optical properties of many tissues have not been studied in the scope of a wide 
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wavelengths range. Therefore, the electromagnetic modeling that we developed in our 




Figure 9: A Laser light pattern 808nm at 3.3cm tissue depth [65]. 
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Photobiomodulation (PBM) delivered at low doses tends to produce a better effect 
than the same wavelength delivered at high levels, which is the concept of biphasic 
dose response or hormesis [1].  However, the notion has changed when a high dose of 
60J/cm2 was shown to have an optimized effect on cell proliferation and 
differentiation of various cells and organelles [2].  Hamblin et al., 2018 [3] and 
Amaroli et al., 2019 [2] suggested that the negative effect of higher fluences observed 
to date are not unequivocally, due to high fluence per se but might be a consequence 
of the irradiation carried by a Gaussian profile beam. 
Moreover, the in vitro studies of this thesis, for the first time, prove the optimal 
effects of 980nm irradiation delivered with flattop beam profile, at high fluence of 
60J/cm2 on osteoblast maturation, in comparison to the Guassion beam profil delivery 
device. Moreover, we demonstrated the mechanism, affecting the intracellular and 
molecular activities of PBM light on osteoblasts proliferation and differentiation. 
In this chapter, the proposed molecular and cellular mechanisms PBM are presented.  
 
2.2 PHOTOBIOMODULATION (PBM) PROPOSED MECHANIMS OF 
ACTION 
Karu et al., 2010 was the first to attribute the effects of red and near-infrared light to 
photon absorption, by the electron transport chain in mitochondria and by unit IV 
CCO in particular [4]. Since CCO has absorption peaks in the red (600-700nm) and 
near-infrared (NIR) (760-900nm) regions of the electromagnetic spectrum (depending 
on its precise oxidation state), red and NIR light have been the most often employed 
wavelengths for PBM [5,6].  In recent years, it has become apparent that there are 
other chromophores operating in different regions of the EM spectrum [7]. The most 
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important alternative chromophore appears to be transient receptor potential (TRP) 
ion channels that can be activated by light or heat [8].  An example is TRPV1 that can 
be activated by blue or green light [9,10] and by longer wavelength NIR light (980 
nm) [11], which targets water in the form of nanostructured exclusion zone water 
clusters [12].  Wang et al., 2017 and co-workers study [11] showed evidence that the 
mechanisms of action of 810 nm and 980 nm laser appear to have significant 
differences.  A reasonable hypothesis to explain the mechanism of action of 980 nm 
relies on the activation of heat (or light)-gated ion channels. However, activation of 
CCO in the mitochondria by 810 nm continues to be the most important and generally 
accepted mechanism. However, the authors of of the latter study [11] suggested 
further investigations to have a better understanding of the mechanism. Regardless of 
whether CCO is activated by red/ NIR light, or by TRP ion channels activated by 
blue/green/980 nm light, the cellular results have some aspects in common, while also 
displaying some differences. Both pathways give rise to increased ATP and a brief 
burst of reactive oxygen species (ROS) [13]. However, the CCO pathway is more 
likely to lead to a release of nitric oxide (NO), while the TRP pathway is more likely 
to give rise to changes in cytosolic and mitochondrial calcium levels. The secondary 
effects of PBM can be a short term in nature, such as increased in the blood flow, 
greater oxygen consumption, and improved tissue ATP production. They can also be 
more a long term in nature such as; increased antioxidant defenses, activation of 
transcription factors, and alteration of the expression pattern of cytokines and growth 
factors. 
The proposed PBM mechanisms of action are as follows (Figure 1) [14]: one of the 
most important chromophores is CCO (Unit IV in the mitochondrial respiratory 
chain), which contains both heme and copper centers and absorbs light into the NIR 
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region. The leading hypothesis is that the photons dissociate inhibitory NO from the 
enzyme, leading to an increase in electron transport, mitochondrial membrane 
potential (MMP), and ATP production. Another hypothesis concerns the light-
sensitive ion channels that can be activated, allowing calcium (Ca2+) to enter the cell. 
After the initial photon absorption events, numerous signaling pathways are activated 
via ROS, cyclic adenosine monophosphate (cAMP), NO, and Ca2+, leading to 
activation of transcription factors. The latter can lead to increased expression of genes 
related to protein synthesis, cell migration and proliferation, anti-inflammatory 
signaling, anti-apoptotic proteins, and antioxidant enzymes. The stem cells and 
progenitor cells appear to be particularly susceptible to PBM light.  The relevant 
chromophores can be identified by matching the action spectra for the biological 
response to the light in the NIR range and the absorption spectra of the four 
membrane bound-complexes identified in the mitochondria [15].  Complex IV is also 
called the CCO, which is a crucial chromophore in the cellular response to 
photobiomodulaion. The CCO is a large transmembrane protein complex, consisting 
of two copper centers and two heme-iron centers, which is a component of the 
respiratory transport electron chain [16].  
The precise mechanism by which light affects CCO is not yet known. The release of 
NO from cells during PBM has led to speculation, that CCO and NO release are 
linked via two possible pathways. Figure 2 shows the two possible sources of NO 
release, as follows: the first path shows the CCO can act, as a nitrate redutase enzyme; 





Figure: 1: Schematic description of the cellular signaling 
pathways triggered by PBMT. After photons are absorbed by 
chromophores in the mitochondria, respiration and ATP is 
increased but in addition signaling molecules such as reactive 




Figure 2: Schematic description of the two possible pathways of 
NO release. One possible theory that can explain the simultaneous 
increase in respiration and production of nitric oxide (NO) is the 
photodissociation of bound NO that is inhibiting cytochrome c 
oxidase (CCO) by displacing oxygen [14]. 
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Cyclooxygenase (COX) is the terminal enzyme of the electron transport chain of 
the mitochondria, mediating the electron transfer from cytochrome c to molecular 
oxygen. Several lines of evidence show that COX acts as a photoacceptor and 
transducer of photo-signals in the red and NIR regions of the light spectrum [4]. It 
seems that PBM increases the availability of electrons for the reduction of 
molecular oxygen in the catalytic center of COX, increasing the MMP, ATP, and 
cAMP levels, as well as and ROS [18]. 
It is important to report that the precise biochemistry mechanism underlying the 
therapeutic effects of PBM is not yet well established. Studies have shown that PBM 
have a great impact on the cellular, molecular and tissue levels. The mode of action 
varies among various applications. There is a strong evidence to suggest that PBM 
acts on the mitochondria within the cell [19].  
 
2.3 CONTRIBUTION OF THE MITOCHONDRIA TO RED AND NEAR 
INFRARED (NIR) LIGHT. 
In PBM, three mechanisms at discrete cellular sites have been identified for their 
interactions with photoreceptive targets. While an individual mechanism appears to 
dominate specific therapeutic applications related to performance and analgesic 
versus regenerative responses. It is increasingly evident that there is a significant 
crosstalk amongst them, in the individual clinical situations (Figure 3). These 
mechanisms have been described-mainly, inside the cell (CCO within the 
mitochondria), at the cell membrane (photosensitive receptors and ion transporters 





Figure 3: The three discrete PBM mechanisms of action. 
(www.laserfocusworld.com/lasers-sources/article/14037967) 
Abbreviations:  TRPV1: Transient receptor potential cation channel subfamily V 
member1, TGF-β: Transforming Growth Factor beta, PBM: photobiomodulation, 
ROS: Reactive oxygen species, NO: Nitric oxide, ATP: Adenosine triphosphate 
 
  
2.3.1 PBM effect on mitochondria and gene transcript 
The mitochondrial response, at the beneficial range of light dosages, involves  
increase of electron transport, oxygen consumption, mitochondrial membrane 
potential and synthesis of ATP. Excessively large doses of light can have quite the 
opposite effects on these mitochondrial measurements. While increased mitochondrial 
activity and more ATP can benefit tissues that are hypoxic and stressed.  Modern 
biological research suggests that the signaling and activation of transcription factors 
are needed to have a long-lasting effect on healing and tissue repair after the light has 
been switched off (Figure 4) [24]. One important factor that is often involved in the 
signaling pathways observed after PBM is a brief burst of ROS.  These ROS appear to 
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be generated in the mitochondria after activation of the electron transport chain. 
Figure 5 summarizes the signaling pathways activated after PBM [17]. When NO is 
released from its binding to heme iron and copper centers in CCO by the action of 
light, oxygen is allowed to rebind to these sites and respiration is restored to its 
former level, leading to an increase in the ATP synthesis [17]. 
	
	
Figure 4: The PBM mechanism of action and gene transcripts [24]. 
 
2.3.2 Cellular responses to light 
After light absorption by CCO, changes in the energy homeostasis inside the 
mitochondria and cell occur. One consequence is the retrograde signaling between 
the mitochondria and cellular nuclei. Thus, the retrograde signaling monitors the 
cellular energy homeostasis by a constant communication from the mitochondria to 
the nuclei reporting the mitochondria.  
The growth factor response within cells and tissues may be seen, as a result of an 
increase in the ATP and protein syntheses [25], change in the cell membrane 
permeability to Ca+2 uptake and in the cell proliferation. Ultimately, the overall 
cascade of metabolic effects results in physiological changes, leading to an 
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improvement in the tissue repair, faster resolution of the inflammatory response and a 
reduction in pain [26]. The results of laser-tissue interaction that promote PBM can be 
seen within three clinical areas of benefit; anti-inflammatory effects [27], analgesic 
and pain suppression effects [28] and enhancing and accelerating tissue repair [29], 
which was investigated in this thesis (Chapter V, Phase I &II). 
The photochemistry of CCO has been extensively characterized by Karu et al., 1995 
[30] specifically, it contains four redox metal centers: CuA, CuB, Hem a, and Hem a3 
as shown in figure 2.  These Cu elements are able to absorb the light in the red to NIR 
spectrum [17], in particular reference to 670 nm, which increases the oxidation of 
cytochrome c, boosts the transfer of electrons, increases the oxygen consumption and 
mitochondrial membrane potential.  It is highly correlated with peaks in COX 
catalytic activity and ATP content observed in vivo study [31].  The secondary effects 
occur, as a consequence of the primary effect described above. These include a 
cascade of downstream biochemical reactions, which change the cellular homeostasis. 
While the secondary effects are pleiotropic and can occur hours or days after laser 
light exposure.  The initial phase of the secondary mechanisms, after light exposure, 
is characterized by an increase in the NAD+/NADH ratio and mitochondrial 
membrane potential, dissociation of nitric oxide from cytochrome c oxidase complex 
and an increase in the ATP pool [22].  The change in the latter significantly alters the 
cellular metabolism. Finally, all these secondary effects activate the retrograde 
signaling between the mitochondria and nuclei [31,32]. 
It is important to mention, changes that occur in the tissues in response to the light 
absorption by the above chromophores. These may take place in a relatively short 
period of time (minutes and hours) or in a long term (days and weeks). Examples of 
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short-term effects are due to NO release (Vasodilation), an increase in the blood flow, 
an improvement in the oxygenation, and analgesic effects. While the examples of 
long-term effects are wound healing, reduction in inflammation, regeneration and 
repair of damaged or degraded tissues, and stimulation of stem cells.  One hypothesis 
to explain these long terms beneficial effects, suggests that, they are part of the 
protective response, which is switched on by the cell’s perception of the 
mitochondrial effects and upregulating of the cell survival and repair pathways [33]. 
 
Figure 5: The release of NO binding to the heme iron and copper centers in 
CCO though the action of PBM [17]. 
 
2.4 CRTICAL FACTORS INFLUENCING THE PBM THERAPEUTIC EFFECTS 
The influencing factors that have a great impact on optimization of the PBM 
therapeutic outcomes are related to both biological and clinical considerations [34], 
which are summarized in figure 6. 
	 42	
 
Figure 6: The critical issues that required consideration in PBMT [34] 
 
2.4.1 Dose response 
The exact mechanism of biphasic dose-response is not known, but it might be related 
to excessive formation of ROS. Huang et al., 2011 [14] suggested that the “nature of 
ROS may act as a beneficial signaling molecule, at low concentrations and a harmful 
cytotoxic agent at high concentrations, may partly explain the observed responses in 
vivo studies". In some cases, very high dosages can even have a negative effect, 
which is sometimes said to be on the inhibitory side of the Arndt-Schulz curve 
(Figure 7) for the biphasic dose response [35].  The biological responses of PBM 
classically evoke a nonlinear biphasic response referred to as the Arndt-Schulz law. 
These responses demonstrate a linear optimal threshold that, on continued stimuli, 
results in negative or inhibitory effects (Figure 8). This phenomenon potentially arises 
due to several factors, such as the nonlinear physical process of multi-photons 
interactions and the inelastic scattering or presence of tightly regulated biological 
feedback regulation.  These nonlinear responses are well documented in the biological 
phenomenon by the term “hormesis” (Figure 8) [36].  
It is well established that if the light applied is not of sufficient irradiance or the 
irradiation time is too short, then there is no response. If the irradiance is too high or 
irradiation time is too long, then the response may be inhibited [37,38].  Indeed, the 
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existence of the biphasic dose response has been held responsible for the publication 
of a number of negative studies, where it is highly likely that the results would have 















Figure 8:  Dose-response curves of classical (linear) versus hormetic (non-linear) 
photobiological responses [34]. 
 
The ineffectiveness of overdosing has also been demonstrated, especially in many 
experimental studies [14]. Thus, biphasic dose-response appears to be a very 
significant factor in PBM.  However, the mechanistic sequence of secondary events 
of the PBM mechanism of action (Hour-days) is to date contradictory and confused, 
as there is a lack of standardisation of the experimental studies and the focus was on 
the macroscopic phenomenological effects [33].    This has been demonstrated in the 
Deana et al., 2018 systematic review, which has shown that the osteoblasts-like cells 
were responsive to the effects of the PBM.   However, different authors have varied 
most of the laser parameters utilised in this literature review’s studies. This has led 
to little to none influence on proliferation of the cells, whilst the high irradiance has 
demonstrated deleterious effects on the proliferation of the cells [40].  Equally, 
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Arany et al., 2016 highlighted the heterogeneity in the current PBM studies on 
enhancing osteogenesis, due to inappropriate utilization of the laser device, 
unsuitable methods of investigations, and inefficient laser beam profile, can 
essentially result in undesirable effects, perhaps accounting for many negative 
results and inconclusive results outcome (Figure 8). Amaroli et al., 2016 and 2019 
studies [2,41-42 respectively] have shown that reconsideration for a higher-
fluence with a higher-energy should be addressed, due to the advances in the 
field of the biophotonic technologies, in utilizing the flattop (FT) profile 
delivery system [43] (Figure 9), instead of the Gaussian profile (Standard (ST) 
hand-piece) (Figure 10) [44]. 
 
 
Figure 9: The flattop beam profile delivery device (Top right photo: 
AB2799FT flattop beam device). The red arrows in the schematic diagram, 
bottom right show the uniform distribution of the phonic energy, delivered 






Figure 10: A flattop beam profile (red) in comparison to a Gaussian (green) 
and super-Gaussian (blue) intensity profile. All three beams have the same 
optical power and the same effective mode area [44]. 
 
As a matter of fact, studies have shown that unicellular model irradiation, 
Paramecium primaurelia, with 808 nm wavelength, using a FT profile delivery 
system (AB2799 FT) (Figure 9) at a power output setting of 1 W over an area of 
1 cm2 for 60 seconds (s) exposure time (Irradaince 1W/cm2, fluence 60 J/cm2) in 
continuous wave (CW) mode, has positive effects on the cell and tissue 
metabolism [45]. This occurred by stimulating the mitochondria’s activities 
such as; oxygen consumption, ATP production [46], calcium fluxes [47], and 
nitric oxide production. Additionally, the cell proliferation in Paramecium 
primaurelia observed [48]. 
Amaroli et al., 2019 [2] and Hamblin et al., 2018 [3] suggested that the negative effect 
of higher fluences observed to date are not unequivocally due to high fluence per se 
but might be a consequence of the irradiation carried by ST profile of the hand-piece.  
The in vitro studies of this thesis, confirmed the great effects of the FT profile 
irradiation at a higher fluence on osteoblast maturation, in comparison to the ST 
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profile. In the context of the dose, it is important to point out that utilization of 
therapeutic irradiance is crucial to optimize the clinical outcome. In literature, there 
are several conflicting results of various in vitro and in vivo studies in bone 
regeneration, due to lack of standardized protocols or poorly laser parameter 
documentation and whether power meter was utilized to measure the threshold 
power, arriving at the target or not.  In this context, a consideration to the absorption 
and scattering phenomena is required, as they are crucial in achieving the optimal 
therapeutic outcome of PBM [49]. In this thesis, the electromagnetic study (Chapter 
III) showed that the biomolecular interactions with the EM radiation is a challenge, 
due to the complexity of the tissue on multiscale level, and the presence of different 
types of molecules in the tissue, leading to the difficulty in examining the behavior 
of the light attenuation.   However, our simple EM model, for the first time, has 
managed to increase the knowledge and explain the 980nm light behavior on the 
mitochondrion.  Moreover, in our in vitro studies (Chapter V), we have employed 
the power meter to measure the threshold power arriving at the cells delivered by 
two beam profiles (Gaussian and flattop). The other factors that play a major role in 
optimizing the effects of PBM are exposure time, time interval (frequency) and 
treatment duration.  
 
2.4.2 Wavelength 
Choosing the correct wavelength for the target cells/chromophores must be employed, 
to ensure the therapeutic results, otherwise the optimum absorption of the photonic 
energy does not occur.  According to the first law of photobiology, light absorption 
requires the presence of a specific photoacceptor, which could induce the activation of 
downstream signaling pathways after excitation. Photobiomodulation operates in the 
red/NIR of the EM spectrum, induces biostimulatory effects in several therapeutic 
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applications [50]. This range of wavelengths can penetrate deeper-seated tissues 
[51,52]. The wavelength of a therapeutic source, therefore, has a double importance, 
explicitly to ensure absorption of the incident photons in the target chromophores and 
to be able to do so, at the depths at which these chromophores exist.  
 
2.4.3 Laser beam properties 
The ideal laser beam profile needs to be monochromatic, temporally coherent, and 
with uniform spatial power or energy distribution [53].  Many studies, in-vitro and in-
vivo, investigated this concept, using the Gaussian beam profile when the photonic 
energy of various wavelengths was delivered to the target tissue. Gaussian beam 
profile (Figure 11) that has specification, in delivering the maximum energy density 
(J/cm2) in the center, and decreases dramatically towards the periphery of target site 
area (Figures10,11) [43,54]. This can contribute drastically to the outcome 
discrepancy.  Therefore, in this thesis research project, for the first time, we utilized 
another device, which has a flattop beam profile delivering a homogenous distribution 
of the energy density over 1 cm2 surface area of the target tissue (Figures 9,12) 
[43,54]. Coherent light produces speckles, which has been postulated to play an 
important role in the PBM interaction with the cells and subcellular organelles. The 
size of the speckle patterns coincides with the size of the dimensions of the organelles 
such as mitochondria. Moreover, it has been speculated that the intensity produced by 
the speckles may help to improve the clinical outcome especially in deep-seated 
tissues, where irradiance is low. However, no definitive trials have been published to 
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3. 1 INTRODUCTION 
3.1.1 Electromagnetic modeling 
Mathematical modeling creates a mathematical representation of reality that attempts 
to explain the behavior of some aspect of it, based on simplifying assumptions 
(hypotheses). The mathematical representation usually resides in a set of variables 
and equations, in order to establish relationships between these variables. The 
mathematical model can serve several purposes: answer a variety of what-if 
questions, understand the relationships between variables, and extrapolate past data to 
derive meaning. Models are typically utilized when it is either; impossible or 
impractical to create experimental conditions for scientists to measure directly the 
outcomes. However, even when experiments are possible, obtaining a good 
mathematical model is usually very useful, as it can provide insights into the internal 
workings of a system. In electromagnetic (EM) field research, large efforts have been 
invested to construct mathematical models.  Recently, researchers have been trying to 
extend such models to compute EM fields inside living organisms. Such models of 
the human body cannot usually be solved, using a “pencil and paper” approach: they 
require computer programs to breakdown the body into many simple geometrical 
shapes (for example little cubes), in which mathematical equations can be solved. 
The analysis of light propagation and the EM characterization of a heterogeneous 
medium, such as bone tissue, are very complex. A number of simple available 
methods can be applied to a homogeneous, linear and isotropic medium, which is not 
the case with bone tissue.  Therefore, the model that we adopted in our experiments 
would be the first time to understand the propagation of an EM field (EMF) in such 
biological tissue. The distribution of EMF in the biological tissues depends on its 
absorption and scattering, which in turn depends significantly on the employed 
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wavelength and properties of the tissue (Power, energy and time do not affect 
distribution. While they affect intensity at any specific point in the tissue, that can 
only be calculated after distribution is known). An exact assessment of laser 
propagation in a tissue requires a model that characterizes the spatial distribution of 
photons in the tissue structure, their absorbing properties, and refractive indices. The 
refractive index (RI) of a biological tissue is a key parameter for characterizing the 
light-tissue interactions [1,2].  Knowledge of the tissue RI plays an important role in 
many biomedical applications. 
An understanding of light propagation in a tissue and the information content of the 
elastically or in-elastically scattered light from tissues is mandatory for a successful 
realization of the potential of these optical approaches, and in achieving quality health 
care.   It is pertinent to note here, that for modeling light propagation in tissue usually 
a homogenous tissue is assumed.  However, many tissues of interest, especially bone, 
cannot be considered homogeneous and are in fact multilayered [3]. Therefore, it can 
be appreciated that developing a model, in order examine the optical properties of 
complex, non-homogenous, anisotropic tissues such as bone [4], is quite challenging.   
Moreover, the literature provides some information on the homogeneous single layer 
model, but more of the demanding clinical applications require multilayered photon 
propagation models. Therefore, for the time, we examined the behavior of light 
propagation on illuminated mitochondrion. The latter is the main photoaccpetor of the 
photonic energy of photobiomodulation light, to generate a cascade of biological and 




3.1.2 Photobiomodulation (PBM) and EM simulations 
PBM was initially developed 50 years ago, as a very promising therapeutic procedure 
and nowadays its importance is well established. This due to its beneficial effects in 
inflammation reduction, promote wound healing and tissue repair [5,6]. Despite 
extensive studies on the benefits of PBM therapy [7], the mechanism of interaction 
[8], between the features of the field emitted by the light source, and the description 
of the measurement for various cells in vitro studies, and in vivo animal experiments, 
remain scattered [6,9]. It has been observed that in order to understand what is going 
on inside the cells, showing PBM effects as a consequence of NIR illumination, it is 
necessary to have a better knowledge of the EMF inducing biological reactions [8].  
This is a challenging problem, due to some experimental evidence [9,10] related to 
specific multi-protein complexes inside the mitochondria [11] of eukaryotic cells [12] 
where the molecular activation take place. Therefore, the problem is considered as a 
multi-scale one, extending over dimensions of a few millimeters or centimeters for in 
vitro studies [13], or even on a larger scale for in vivo experiments [14]. Equally, 
understanding the EMF interacting with the multi-protein complexes (biological 
effect of interest), which is linear in dimensions, ranging from one to some tens of 
nanometers [11,15] is a challenge.  
At present, an EM simulation of any realistic problem, even the simplest ones, related 
to in vitro experiments, would involve billions of unknowns and overwhelm the 
capabilities of current state-of-the-art simulators and computers. This concept is likely 
to be true also for the next few years. Nevertheless, the only solution to solve this 
problem of estimating the EMF, where the biological reaction takes place, is to search 
for the simplest experiments. The latter needs to allow retaining the biological effects 
of interest on one hand, and importantly to simplify the corresponding EM model in 
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order to be managed numerically on the other hand. 
The simplest experiments where PBM effects take place, are those involved either 
mitochondria [10,16] or single layered of epithelial cells [17,12]. In the first class of 
experiments, we needed to deal with small organelles [11,12] of linear dimensions of 
the order of one micrometer, getting a rather random multilayer disposition. It is well 
known that it is possible to isolate the mitochonderia and retain their functionality and 
capabilities to react to photostimulation [18,16,19]. While in the second class of 
relatively simple experiments, where epithelial cells involved, one can consider 
simple dispositions (single layer) of large eukaryotic cells [12], which have diameters 
of a few tens of micrometers.  In terms of EM problem complexity, the former class is 
made up of problems, which are by far simpler, as a result of the significant 
difference, in terms of dimensions (order of one micrometer versus order of tens of 
micrometers) and of internal structure. This is why we worked on this type of 
problems in our experiments.   
Another aspect affecting the complexity of our experimental setups was related to the 
illuminating device, which delivers the photonic energy to biological matter. The 
majority of the clinical laser devices can generate a Gaussian beam profile, where the 
intensity of the irradiance is in the center of the target area and become less in 
transverse direction at the periphery [20].  Therefore, the cells directly in the center of 
the beam are irradiated at a high fluence, while those on the periphery of the incident 
beam receive very low dose. As a result, the cells at the beam center may be over 
stimulated or inhibited while those on the periphery receive insufficient cellar energy 
to produce any effect. Another crucial factor that plays a role in determining the 
intensity of the energy density reaching the biological target is the distance of the 
incident beam profile beam from the target area. In our experimental setting, we 
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managed to overcome these influencing factors by utilizing a flattop beam profile 
(FT) hand-piece, which allows to irradiate an area of 1cm2 with a uniform irradiance 
and able to retain the same beam width up to 105cm of distance from the target 
[9,12]. The latter helps to eliminate the beam divergence issue, whether in contact or 
at distance, as it generates a uniform homogenous distribution of the energy density 
(fluence) at an area of 1cm2 [9,12].  Under these circumstances, we considered, in our 
experimental setup, a monochromatic incident wave generated by a laser device, 
which assimilated to a monochromatic uniform plane wave [21]. 
Despite of the indicated simplifications considered in our experimental setups, the 
corresponding EM models still remain a complex matter. Furthermore, the 
electromagnetic analyses have to face the fact that, in practice, the dispositions of the 
mitochondria in the experiments are rather random, as well as it is true for their 
dimensions.  Moreover, their internal features may change, in a partially unknown 
way, from one mitochondrion to another. Therefore, to solve the above problems, 
different classes of models were employed, and for each class, several parameters 
were considered, as variable quantities. 
The simplest class of models was obtained by replacing the mitochondria by an 
effective homogeneous plane layer. Each of these models solved in an analytical way. 
Models of this class differed in relation to various thickness and values of the 
complex refractive index (n) of the plane layer.   
All other classes were referred to three-dimensional models. Several studies focused 
on the determination of the dielectric features of mitochondria in the NIR band, 
considering them as made up of a homogeneous effective medium [18,22]. Therefore, 
we adopted the same approach in our three-dimensional models. Consequently, all 
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mitochondria involved in our models were simulated by a homogeneous ellipsoid, 
having the same dimensions and refractive index (n) value. However, these 
dimensions and values can change from one model to another [18]. Therefore, in our 
case, we did not consider different values of the parameters in the same simulation. 
In our three-dimensional models, we considered the usual practical deposition of the 
mitochondria shown in the results of the fluorescent mitochondria in ex-vivo 
experiments. Based on this, we employed a single layer and triple layers of 
homogeneous mitochondria in these models. For each of them, sufficient extension of 
the layers considered or periodic boundary conditions were adopted.  With the current 
technology and best of our knowledge, it is impossible to isolate a single 
mitochondrion and still retains its functionality.  In our three-dimensional model 
setup, we considered an isolated homogeneous ellipsoid illuminated with NIR field, 
as our target, in order to have an additional term of comparison of our results and to 
simplify the analysis of our outcomes’ stability.   
It shows clearly that studying the EM fields in a biological matter (Cells/tissues) is a 
complex practice with several challenges. So, according to our approach, in which all 
the mitochondria were considered homogeneous. Our results presented in terms of, 
the EMF behavior inside these homogeneous ellipsoids and of quantities like the 
averages (In space and time) of the power density dissipated by them or of the energy 
density of the field inside them. Therefore, this approach enabled us to create a 
validated EM model, for the first time, which examined and provided information on 
the local EM field, determining PBM effects on isolated homogenous mitochondria 
instead of the cell of interest.   
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3.1.3 Aim and objectives of the experimental study 
Our study aimed to introduce an electromagnetic (EM) model to have a better 
understanding of the EM field (EMF), inducing biological reactions.  
The objectives were as follows:  
1- To examine the behavior of the PBM light attenuation and the properties of 
EMF in illuminated mitochondria (Main photoacceptors of PBM light in 
Eukaryotic cells);  
2- To analyze the contribution of the mitochondria to the optical properties. 
3- To compute the EM data, which might provide a scope, prior to proceeding 
with the molecular in vitro studies of PBM therapy on bone regeneration. 
 
3. 2 METHODOLOGY  
3.2.1 The simple experimental setup 
The simple experimental setup of reference for this study showed in figure 1. A 
flattop hand-piece is hosted in the incubation chamber made up of glass.  It generates 
a beam of uniformed width, which illuminates with a rather uniform intensity the 
media below it (Figure 1) [16]. In order to operate under the above conditions, the 
incubation chamber have to be cylindrical, with a circular cross section of an area ≃ 
1cm2 [16], which corresponds to the diameter of the wss ≃ 1.13 cm. The reasons for 
considering these dimensions were as follows: firstly to avoid much larger diameters, 
taking the flattop device generates irradiation over an area of ~1cm2 to illuminate the 
mitochondria at the floor of the chamber uniformly and secondly to use a smaller 
cross-section to fully exploit the capabilities of a flattop hand-piece and to avoid a 
very strong effect of the vertical walls of the incubation chamber.  
Figure 1 shows the incubation chamber contents, which are ordered from the top to 
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the base of the chamber as follows, air, a saline solution, and a set of mitochondria. 




Figure 1: Simple experimental setup with reference to the flattop beam hand-piece 
used to generate a beam, which illuminates with a uniform intensity, a set of 
mitochondria on the bottom of a glass-incubated chamber. Abbreviations: Wss: saline 
solution width, Wg: glass width, tg: glass thickness, tss: saline solution thickness. 
 
In our experimental setup, we avoided any significant reflection of the wave 
transmitted through the last glass-air interface by constituting the buffer solution as 
follows: 0.1M (Mole per liter) Tris-HCl (pH 7.4), 0.1M KCl, 5mM MgCl2, 0.2mM 
P1, P5-Di (adenosine-5’) pentaphosphate, 0.6mM ouabain, and 5mM KH2PO4. As 
the molarity of this solution is so small at the wavelengths of interest, 808, 980 and 
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1064 nm, its complex refractive index can be assumed to be the same of that of simple 
water [23, 24]. 
3.2.2 Mitochondria isolation in vivo experiment 
Mitochondria were isolated from bovine liver by a standard differential centrifugation 
technique [19] and then suspended in the solution. After a few seconds they deposited 
themselves on the bottom of the incubation chamber but, unfortunately, their final 
disposition on the floor of the chamber is not at all regular. With 50µg of 
mitochondria we can get a few small empty regions, all the rest being covered by 
mitochondria. The mitochondria can get clustered arrangements or form single or 
multiple layers. It can be expected that the number of superimposed mitochondria is 
not larger than five.  All these data can be extrapolated from figure 2, showing the 
disposition of mitochondria on a small part of about 22.5 µm × 22.5 µm of a flat floor. 




Figure 2: A red-fluorescent dye stains mitochondria, providing deducing information 
on the typical disposition of the mitochondria on a flat floor. The white ellipse 














Figure 3: Shows no mitochondria present in the incubation chamber.                        











Figure 4: A rough one-dimensional model of our experimental setup where the 
mitochondria replaced with an effective homogeneous plane layer. 
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3.2.3 Different classes of electromagnetic models 
We mentioned, in our simple experimental setup, that the illuminating field generated 
by a laser light delivered with flattop hand-piece, guarantees a uniform and 
homogenous distribution of the energy over an area of 1cm2, regardless the distance 
of the light-target up to 105cm. Therefore, we considered this device with a very good 
approximation, where the contents of the incubation chamber illuminated with a 
monochromatic uniform plane wave, propagating along the z direction (Figure 1).  
Such a monochromatic uniform plane wave, whose time-harmonic dependence ejwt 
assumed and suppressed throughout, and propagated inside the incubation chamber (If 
we avoid considering the regions very close to its vertical walls, when there was no 
mitochondria present) interacted with a multilayered structure of plane layers, which 
was made up of air, saline solution, glass and air ordered from the top to the base of 
the chamber respectively. This model illustrated in figure 3 can be easily solved with 
a semi-analytical simulator. 
The same tool can obviously be used to solve a one-dimensional model of the 
problem of interest, in which the mitochondria are inserted in an effective 
homogeneous plane layer (Figure 4).  Such a model was a rough approximation of the 
experimental setup that we considered (Figure 1). Moreover, this can be exploited 
only to give preliminary indications on the magnitudes of the quantities of interest. 
Interestingly, the approximate results deduced with this model were rather significant, 
as fully described in results section.  The thicknesses of the saline solution, tss, and 
glass, tg, together with their refractive indices, nss, ng are of known quantities for all 
the wavelengths of interest. On the contrary, the thickness tm and the refractive index 
nm, of the plane layer representing the mitochondria have to be considered as variable 
quantities, in order to analyze different situations of potential interest.  For a generic 
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complex refractive index n, we used the convention n =n' – jn", n' > 0, n" ≥ 0. Very 
often, we can define n" by using the corresponding absorption coefficient µa (m
-1), 
since µa = 4
 π n"/ λ0 [26], λ0 is the vauum wavelength.                
The best models, of our experimental setup of interest, were of course the three-
dimensional. Unfortunately, the corresponding domains of numerical investigations 
were in any case huge with respect to λ30. Actually, the usual values of tg and tss are of 
the order of a few millimeters. The flattop hand-piece placed close to the air-saline 
solution interface. However, taking into account the entire horizontal interfaces, we 
needed to consider the domain height of several millimeters.  Moreover, the cross 
section of the incubation chamber was of about 1 cm2. Thus, even neglecting the 
vertical walls of the chamber, we needed to deal with a domain of investigation of 
about 1cm3. Considering we are interested in λ0 values of 808, 980 or 1064 nm, 
obviously the domain of investigation can be, as large as, one thousand billion cubic 
wavelengths (In vacuum). Since in any discretization procedure, a cubic wavelength 
requires approximately one thousand degrees of freedom.  Therefore, we determined 
that any realistic three-dimensional simulation should be able to deal with about 1015 
unknowns, which is by far too large a number for present day computers and 
simulators to compute. Fortunately, one can avoid such a brute force approach by 
observing that mitochondria, independently of our knowledge of the detailed 
mitochondria internal structure, are in any case weak scatterers.  This is because the 
mitochondria have dimensions of the same order of magnitude of the vacuum 
wavelength of interest for PBM [11]. Moreover, in terms of EM scattering, they 
behaved as homogeneous [18,22] ellipsoids, having an estimated effective refractive 
index nm [27,18,22], which is really close to the refractive indices of the saline 
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solution and glass. As a matter of fact, for the saline solution [28] and glass [29] we 
considered 
• At λ0 = 808nm: n'ss = 1.331, µa,ss = 1.95m-1  (n"ss = 1.25 10
-7), n'g = 1.511, µa,g = 
0.170m-1 (n"ss =1.09 10-8). 
• At λ0 = 980nm: n'ss = 1.328, µa,ss = 50.2m-1  (n"ss = 3.91 10
-6), n'g = 1.508, µa,g = 
0.122m-1 (n"ss =9.50 10-9). 
• At λ0 = 1064nm: n'ss = 1.328, µa,ss = 16.2m-1  (n"ss = 1.37 10
-6), n'g = 1.507, µa,g = 
0.099m-1 (n"ss = 8.37 10-9). 
 
However, for the mitochondria, n'm and µa,m are expected to be respectively in the 
ranges [1.35, 1.45] and [20, 150] m-1 (n"m∈ [1.28 10-6, 9.61 10-6 ]) at λ = 800 nm 
[22, 18, 27] and the same ranges for n'm and µa,m  are retained at 980 and 1064 nm.  
This consideration allowed us to avoid considering many weakly interacting 
mitochondria in our models. They were all models of EM scattering, in which the 
incident field was provided by the solution of the one-dimensional model of figure 3. 
Such a field can be used to determine the boundary conditions for the scattering 
problems formulated on bounded three-dimensional domains (Parallelepiped was 
chosen) of appropriate dimensions, including a small number of mitochondria. 
The main difficulty in the formulation of these scattering problems is related to the 
chaotic arrangements of the mitochondria.  In order to get a representative set of 
cases, we were forced to consider a few three-dimensional models. Figure 5 model 
shows a mitochondrion surrounded by six mitochondria in a horizontal disposition of 
such organelles, which in particular provided the strongest interaction. By the same 
token, figure 6 shows where a group of seven mitochondria stacked in vertical 
position. These first two three-dimensional models can give indications on what 
happens when the mitochondria assume a single layer configuration. Unfortunately, 
we knew that the mitochondria can group in clusters and, for this reason, we 
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considered the model represented in figure 7. In such a model, the mitochondria of the 
middle layer can have the same orientation, as those of the other layers or rotated by a 




Figure 5: A three-dimensional model with seven mitochondria arranged in a single 
layer in horizontal position. 
Abbreviation: w3D: 3 dimensional width of the glass,  h3D: 3-dimensional glass height, 







Figure 6: A three-dimensional model with seven mitochondria arranged in a 
single layer in vertical position. 
Abbreviation: w3D: 3-dimensional width of the glass,  h3D: 3-dimensional glass 





Figure 7: A three-dimensional model with twenty-one mitochondria arranged in three 
layers in horizontal position. 
Abbreviation: w3D: 3-dimensional width of the glass,  h3D: 3-dimensional glass height, 
t3D,ss: 3-dimentional saline solution thickness, t3D,g: 3-dimensional glass thickness. 
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In order to understand the effects of more mitochondria present per layer, we 
considered the similar periodic arrangement of such organelles. Such a model can be 
easily simulated by considering the periodic boundary conditions on the lateral walls 
of a small domain, including a single mitochondrion as shown in figure 8. The 
boundary conditions obtained by the one-dimensional model (Figure 3) are known to 
be incorrect, unless we place the boundary at sufficient distance from the 
mitochondria. Taking in account that the scatterers are weak, we should be able to 
limit such a distance to few wavelengths.  In order to determine the appropriate values 
of w3D, h3D, t3D,ss and t3D,g (Figures 5, 6 and 7), we repeated our simulations by 
considering slightly different values from the above-indicated parameters. However, 
this type of analysis performed, by considering the simpler model shown in figure 9, 
in which just one mitochondrion was involved. As pointed out in the introduction 
section, this is a rather unrealistic model and only to be used to have an additional 






Figure 8: Simple three-dimensional model involved a single mitochondrion, as an 
element of a periodic arrangement (Single layer configuration of horizontal 
mitochondria). Abbreviation: w3D: 3-dimensional width of the glass,  h3D: 3-
dimensional glass height, t3D,ss: 3-dimentional saline solution thickness, t3D,g: 3-




Figure 9: A simple three-dimensional model involved a single mitochondrion in 
horizontal position. Abbreviation: w3D: 3-dimensional width of the glass,  h3D: 3-
dimensional glass height, t3D,ss: 3-dimentional saline solution thickness, t3D,g: 3-
dimensional glass thickness. 
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3.3 RESULTS AND DISCUSSION 
In the following sub-headings, different considerations related to the numerical results 
presented. 
3.3.1 Stability of the three-dimensional results 
As already mentioned, we used the model of figure 9, to determine the appropriate 
distance of the boundary from the mitochondrion. Such a value should be found by 
balancing the need to consider small volumes of the domains of numerical 
investigations, resulting in simulations with fewer unknowns, and a large separation 
between the boundary and the scatterer, which was needed to reduce the error of the 
boundary conditions. For this analysis, it was not necessary to consider many 
different values of the wavelength of the geometrical quantities and of the constitutive 
parameters. We simply chose the intermediate wavelength (980 nm) and the values of 
the parameters of the mitochondrion, giving the largest scattering effect, in order to 
consider the worst-case scenario [Diameter (dm), and length (Im) of the 
mitochondrion respectively equal to 1 and 3 micrometers, n'm =1.45, µa,m =150m
-1]. 
Since it is known that the minimal distance should be at least a few wavelengths, we 
considered such a distance equal to 1, 1.5, 2, . ., .,5 micrometers (correspondingly, the 
domain dimension w3D will be equal to 5, 6, 7, . . . , 13 micrometers while h3D and 
t3D,ss + t3D,g, with t3D,ss − 1 = t3D,g, will be 3, 4, 5, . . . , 11 micrometers). Next, we 
considered a grid of N = 49011 points uniformly distributed (A point every 0.1 
micrometers) in the smallest of the numerical domains considered and, if we denoted 
by El (ri), l = 1, 2, 3,..., 9, the electric field computed at point ri by the numerical 
simulator when, respectively, w3D = 5,6,7,...,13, we computed the so-called root mean 
square of the difference field Em+1 − Em: 
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In all simulations we have always considered an impinging monochromatic plane 
wave at power density of 1 [W cm-2] (corresponding to |E| = 2744.9 [V m-1]). For 
these simulations, we considered, in particular, a linear polarization of the incident 
field along the y-axis.   
In figure 10, we showed the results of rms (∆Em) versus m, considering that the 
magnitude of the electric field was of the same order of the magnitude of the electric 
field of the incident wave. We observed that the root mean square of the difference 
assumed a stable negligible value for m ≥ 2.  For this reason, we can confirm that our 
results did not change in a significant way, if the minimal distance of the boundary 
from the scatterer was larger than or equal to 1.5 micrometers. In order to have some 
margin of safety, we considered such a distance to be at least 2.5 micrometers. 
However, we have verified this, for the model of figure 5, in the presence of 
mitochondria having the same features as above, the solutions obtained, considering 
the minimum distance of mitochondria from the boundary equal to 2 or 3 
micrometers, which were almost exactly the same. By extrapolating the previous 




Figure 10: Behavior of the root mean square of 
the difference field Em+1 - Em versus m 
 
3.3.2 Effects of the incident field polarization 
The previous analysis provided the necessary information to define the appropriate 
values of w3D, h3D, t3D,ss and t3D,g ,in order to obtain reliable results from our three-
dimensional models.  We utilized such models to analyze the effect of the polarization 
of the incident field on the results of interest. In figure 11, we showed the magnitude 
of the electric field along the z-axis in the presence of one mitochondrion or a layer of 
mitochondria (Figures 9 and 5). Also in this case, the wavelength and the amplitude 
of the incident field were the same as before. The dimensions of the mitochondria 
were the same as well. However, for these simulations, we considered n'm (Refractive 
index mitochondrion) = 1.4 and µa,m (Absorption coefficient of mitochondrion) = 85 
m-1. The interface between the saline solution and the glass was set at z = 5 
millimeters and the mitochondria in these models were in the range [4.999,5] 
millimeters. The z-axis considered passing through the center of gravity of the central 




Figure 11: Behavior of |E| along the z-axis. The results are computed by using  
the models of figures 9 and 5. 
 
The solutions can present some differences, which were not large in respect to the 
average values of the magnitudes of the fields.  However, if we focused, in particular, 
on |E| in the central mitochondrion, we observed that the effects due to different 
polarizations of the incident field were negligible. 
The very small differences in terms of fields in the mitochondria resulted in negligible 





and of average (in space and time) dissipated power density (Pd) in the central 
mitochondria (Occupying the region V in the formulas) 
 
where ε'r,m and ε"r,m are respectively the real part and the magnitude of the imaginary 
part of the relative permittivity of the mitochondrion, εr,m, being εr,m= ε',rm  –j ε"r,m = 
n2m.    In order to generalize this conclusion, we computed Ed and Pd by using different 
polarizations and models and the results are shown in tables 1 and 2.  For all the 
models, the results obtained, by using x or y polarization of the incident field, were 
almost the same with a maximum difference of less than 2.7%. The subsection 3.3.4, 
we showed that the dimensions and the constitutive parameters of the mitochondria 
had no affect on this result in a significant way. Therefore, in general, we concluded 
that polarization has negligible effects in our PBM studies. In this context, all the 












x-polarized 3.824 10-5 3.731 10-5 3.798 10-5 3.427 10-5 3.759 10-5 
y-polarized 3.776 10-5 3.687 10-5 3.758 10-5 3.431 10-5 3.716 10-5 
Difference % 1.254 1.211 1.053 -1.063 10-1 1.166 
 
Table 1: Values of Ed [Jm-1] computed by using different linear polarizations of the 




3.3.3 Comparison of one-dimensional (1D) versus three-dimensional (3D) results 
The previous considerations did not exclude the possibility of obtaining good 
approximations from one-dimensional models. For this reason, at this stage, we 
compared the outcomes of the one-dimensional model of figure 4 with those of the 
more detailed three-dimensional models. In this approach, we can draw some 













x-polarized 6.957 10-5 6.788 10-5 6.941 10-5 6.236 10-5 6.837 10-5 
y-polarized 6.785 10-5 6.626 10-5 6.760 10-5 6.242 10-5 6.673 10-5 
Difference % 2.543 2.445 2.679 -1.079 10-1 2.451 
 
Table 2: Values of Pd [W m-3] computed by using different linear polarizations of the 
incident field and different models. 
 
To illustrate the principle, we fixed the value of the parameters by considering again 
mitochondria with dm = 1 micrometer, n'm = 1.4 and µa,m = 85m
-1. Correspondingly, 
we fixed tm=1 micrometer for the one-dimensional model. In figure 12, the 
magnitudes of the total electric fields were plotted along a line parallel to the x-axis, 
and passed through the center of the mitochondrion. The one-dimensional 
approximation was very close to the results obtained from the models of figures 5, 8 
and 9. In particular, the maximum difference between the fields of the three-
dimensional models with respect to the one-dimensional was less than 6.3% of the 




Figure 12: Behavior of |E| (Electromagnetic field) along a line parallel to the x-axis, 
and passing through the center of the gravity of the mitochondria. The results are 
computed by using different one-dimensional and three-dimensional models. 
 
Similarly, in figure 13, the fields for different models were compared to the line 
parallel to the y-axis, which passed through the center of the mitochondrion. The 
result of the one-dimensional model was close to all three three-dimensional 
solutions, giving a maximum difference of less than 5.2% of the incident field.  We 
did not plot the fields along the z -axis because the results were very similar to those 
shown in figure 11. Again, in this case, the fields were similar, despite there was a 
maximum difference of approximately 12.6% in the glass. However, in water and 
inside the mitochondria, the difference was not more than 3.7% of the incident field.  
As before, these considerations can be extended to the energy and dissipated power 
densities. The Ed value given by the one-dimensional models differed from that 
obtained by the three-dimensional models of figures 9 and 5 at approximately 4.94% 
and 2.63% respectively. Likewise, the Pd value differed by approximately 4.08% and 
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1.78% in the two cases respectively.  
It was possible to draw a similar comparison between the one-dimensional model 
with tm=3 micrometers and the three-dimensional models of figures 7 and 6. For 
example, for the same n'm and µa,m considered above, the difference between the Ed 
values obtained from the one-dimensional model and the three-dimensional of figure 
7 was just about 1.61% and the corresponding Pd difference was 1.72%. The same 
differences, but evaluated in the regions occupied by the center of the mitochondrion 
from the top and bottom layers, were 1.05% and 2.68% respectively for the average 
energy density and 0.49% and 1.73% respectively for the average dissipated power 
density. The values of energy and power densities of the one-dimensional model in 
comparison to those of the three-dimensional model of figure 6 differed at 
approximately 7.77% and 7.78% respectively. 
In summary, the accuracy of the one-dimensional model results was confirmed for all 
three-dimensional models. Moreover, the results in 3.3.4 subheading showed the same 
results, which held true for all values of the parameters. Hence, we can state that the 
solution given by the one-dimensional model was quite meaningful for the kind of 
problems at hand. This idea was strengthened by the fact that, in practical 





Figure 13: Behavior of |E| along a line parallel to the y-axis, and 
passing through the center of the gravity of the mitochondria. The 
results are computed by using different one-dimensional and three-
dimensional models. 
 
3.3.4 Effects of geometrical and constitutive parameters  
A couple of the above deductions referred to the effects of the parameters dm, n'm and 
µa,m on our results. Figure 14 showed that the Ed values were calculated by using the 
three-dimensional models of figures 9, 5 and 7. They were calculated by considering 
n"m and µa,m, as fixed quantities (n'm= 1.4, µa,m = 85 m
-1) while dm was free to change 
in the set {0.510-6, 0.7510-6,1.010-6} m [7]. Figure 15 reported that the analogous 
behavior of Pd.  One can observe that dm did not affect the values of Ed and Pd in a 
significant way. The largest value of these effects was smaller than 5%. Even though 
we did not show the results, we have verified that in the conclusion, which held true 
for all of the considered n'm and µa,m values.  As this stage, we analyzed the effects of  
n'm and µa,m on Ed and Pd by fixing dm = 1 micrometer. The results are summarized in 
tables 3 and 4. 
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As expected from our former considerations, the differences of the values computed 
by using different models were negligible. Moreover, as a consequence of equations 
(2) and (3) and the relation between nm and εr,m, the Ed results to be totally 
independent of µa,m and increased with n'm, while Pd was largely independent of n'm 
and it was directly proportional to µa,m.  This occurred because the indicated changes 
of the constitutive parameters were not able to modify the average value of |E| in the 
central mitochondrion in a significant way. 
 
 Model Figure 9 Model Figure 5 Model Figure 7 
n′m = 1.35, µa,m = 20m
-1 3.555 10
-5 3.523 10-5 3.541 10-5 
n′m = 1.35, µa,m = 85m
-1 3.555 10
-5 3.523 10-5 3.541 10-5 
n′m = 1.35, µa,m = 150m
-1 3.555 10
-5 3.523 10-5 3.540 10-5 
n′m = 1.40,  µa,m = 20m
-1 3.776 10
-5 3.687 10-5 3.758 10-5 
n′m = 1.40,  µa,m = 85m
-1 3.776 10
-5 3.687 10-5 3.758 10-5 
n′m = 1.40,  µa,m = 150m
-1 3.776 10
-5 3.687 10-5 3.758 10-5 
n′m = 1.45,  µa,m = 20m
-1 3.776 10
-5 3.687 10-5 3.758 10-5 
n′m = 1.45,  µa,m = 85m
-1 4.013 10
-5 3.866 10-5 4.052 10-5 
n′m = 1.45,  µa,m = 150m
-1 4.013 10
-5 3.866 10-5 4.052 10-5 
	
Table 3: Values of Ed (J m
-3) computed by using different values of n′m and µa,m and 
different three-dimensional models. Abbreviations: Ed: Energy density, µa,m: 






 Model Figure 9 Model Figure 5 Model Figure 7 
n′m = 1.35,  µa,m = 20m
-1 1.564 10
5 1.551 105 1.558 105 
n′m = 1.35,  µa,m = 85m
-1 6.648 10
5 6.591 105 6.619 105 
n′m = 1.45,  µa,m = 150m
-1 1.173 10
6 1.163 106 1.168 106 
n′m = 1.40,  µa,m = 20m
-1 1.596 10
5 1.559 105 1.591 105 
n′m = 1.40,  µa,m = 85m
-1 6.785 10
5 6.626 105 6.760 105 
n′m = 1.40,  µa,m = 150m
-1 1.197 10
6 1.169 106 1.193 106 
n′m = 1.45,  µa,m = 20m
-1 1.633 10
5 1.574 105 1.659 105 
n′m = 1.45,  µa,m = 85m
-1 6.941 10
5 6.687 105 7.049 105 
n′m = 1.45,  µa,m = 150m
-1 1.225 10
6 1.180 106 1.244 106 
 
Table 4: Values of Pd (Wm
-3) computed by using different values of n′m and µa,m and 
different three-dimensional models. Abbreviations: Pd: Power density, µa,m: 
Mitochondria absorption coefficient, n′m: Mitochondria refractive index 
 
 
Figure 14: Behavior of Ed for dm ∈ {0.5 10
-6 , 0.75 10-6, 1.0 10-6} m-1 
The constitutive  parameters of the mitochondria are fixed (n′m = 1.4, 
µa,m = 85m 
-1) but different three-dimensional models were considered 
to compute Ed. 
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Figure 15: Behavior of Pd for dm ∈ {0.5 10
-6, 0.75 10-6 , 1.0 10-6 }m-1.  
The constitutive parameters of the mitochondria are fixed (n′m = 1.4, 
µa,m = 85m
-1) but different three- dimensional models were considered 
to compute Pd. 
 
 
Figure 16: A color image of |Es| on the plane z = 4999.5 10-
6 m passing 
through the center of gravity of the mitochondrion. The field is computed 
for the model of figure 9 by using dm = 10-6
 
m, n′m = 1.45 and µa,m = 150 
m-1 
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3.3.5 Analysis of the scattered field 
 In defining most of our three-dimensional models, we assumed that the mitochondria 
were weak scatterers and that it was not necessary to consider the organelles, which 
were far away, in the planes orthogonal to the direction of propagation of the incident 
field, from the ones under investigation. In this subheading, we provided some 
justifications for this assumption.  We considered Ei to be the electric field of the 
incident wave, which was obtained when no mitochondrion was present (Figure 3 
model). We defined, as usual, the scattered field, Es, as the difference between the 
electric field in the presence of mitochondria and Ei.  Figures 16 and 17 showed that 
the colored images of |Es| on the plane z = 4999.5 10-6 m, passing through the center 
of gravity of the central mitochondria (Just a quarter of the plane showed for all the 
figures of this type).  The fields computed, respectively, by using the models of figure 
9 and 5 and all the organelles characterized by dm = 10-6m, n′m = 1.45 and µa,m = 150 
m-1, in order to get the largest scattering effect.  
 
If we focus on the scatted field, which was presented in the central of the 
mitochondria, we can observe, by comparison, that the neighboring mitochondria 
were not strongly influencing it.  Hence, we can conclude here that the lateral 
interaction was weak and our models, which considered a small number of 
mitochondria in the same place, were correct.  Moreover, in the indicated plane, the 
|Es| was not negligible just inside the mitochondria. From this consideration, we can 
understand why it was not necessary to place the lateral boundaries far away from the 
organelles.   
In figure 18, we showed that the |Es| on the (x,z) plane for the model of figure 7, and 
as before, the same values of dm, n'm and µa,m were used.  Since Es did not present a 
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significant standing wave pattern in the z direction, we can understand that the top and 
bottom walls of the boundary were able to absorb such a field. Moreover, figure 18 
showed that the presence of three layers affected the field. This was confirmed by the 
behavior of |E| along the z-axis, which was reported in figure 19.  However, in our 
study, it is important to observe that |E| in the central mitochondrion of the top layer 
of figure 7 model was similar to the same quantity, in the corresponding mitochondria 
of the other models considered in the figure. However, the results were not so similar, 
when the central and bottom layers of the figure 7 model were considered. Thus, in 
any case, the difference was not of too large value. In terms of the average energy and 
the dissipated power densities in the central mitochondrion of the different layers, the 
results were almost identical.  In particular, the average energy density (J m-3) in the 
central mitochondrion was equal to the following values: 3.7810-5 for the figure 9 
model, 3.6910-5 for figure 5 model, and 3.6610-5, 3.7610-5 and 3.8010-5 for the top, 
central and bottom layer of figure 7 model respectively. In terms of the average 
dissipated power density (W m-3), the corresponding numbers were as follows: 6.78 





Figure 17: A color image of |Es| on the plane z = 4999.5 10-6 m passing 
through the center of gravity of the mitochondria. The field is computed for 
the model of figure 5 by using dm = 10-6
 
m, n′m = 1.45 and µa,m = 150 m
-1. 
 
Figure 18: A color image of |Es| on the (x,z) plane (passing through the 
center of gravity of the central mitochondrion of each layer). The field is 





Figure 19: Behavior of |E| along the z-axis. The results computed by using 
the models of figures 9, 5 and 7.  
 
3.3.6 Different λ0 values 
All the above results were computed by using λ0 = 980 nm. However, all the 
conclusions of the previous subsections held true for λ0 equal to 808 and 1064 nm.  
To support this conclusion, we reported in table 5 and 6 that the Pd values for λ0 = 
808nm and λ0 = 1064nm respectively. The results were computed by using different 
models and different geometrical or constitutive parameters. These data confirmed the 
accuracy of the results of the one-dimensional model (the difference in the Pd values 
were in any case smaller than 20%), according to the conclusions of Subsection 3.3.3, 
and that Pd was largely independent from n'm and it was directly proportional to µa,m, 







tm = 10-6 m 
Model 
figure 4  







n′m = 1.35 
 µa,m = 20m
-1 
2.117 105 2.013 105 2.170 105 2.155 105 2.155 105 
n′m = 1.35 
  µa,m = 85m
-1 
8.997 105 8.555 105 9.221 105 9.158 105 9.176 105 
n′m = 1.45 
 µa,m = 150m
-1 
1.588 106 1.509 106 1.627 106 1.616 106 1.619 106 
n′m = 1.40 
 µa,m = 20m
-1 
2.027 105 1.936 105 2.203 105 2.159 105 2.249 105 
n′m = 1.40 
 µa,m = 85m
-1 
8.615 105 8.225 105 9.363 105 9.174 105 9.559 105 
n′m = 1.40 
 µa,m = 150m
-1 
1.520 106 1.451 106 1.652 106 1.619 106 1.687 106 
n′m = 1.45 
  µa,m = 20m
-1 
1.979 105 2.164 105 2.224 105 2.172 105 1.960 105 
n′m = 1.45 
 µa,m = 85m
-1 
8.411 105 9.196 105 9.538 105 9.229 105 1.003106 
n′m = 1.45 
  µa,m = 150m
-1 
1.225 106 1.180 106 1.244 106 1.629 106 1.771 106 
 
Table 5: Values of Pd (W m-3) computed by using λ0 = 808 nm, different models and 













tm = 10-6 m 
Model 
Figure 4  







n′m = 1.35 
 µa,m = 20m
-1 
1.831 105 1.805 105 1.867 105 1.854 105    1.870 105 
n′m = 1.35 
  µa,m = 85m
-1 
7.783 105 7.670 105 7.933 105 7.878 105 7.946 105 
n′m = 1.45 
 µa,m = 150m
-1 
1.373 106 1.353 106 1.400 106 1.390 106 1.402 106 
n′m = 1.40 
 µa,m = 20m
-1 
1.792 105 1.835 105 1.912 105 1.875 105 1.933 105 
n′m = 1.40 
 µa,m = 85m
-1 
7.615 105 7.798 105 8.125 105 7.967 105 8.217 105 
n′m = 1.40 
 µa,m = 150m
-1 
1.344 106 1.376 106 1.434 106 1.406 106 1.450 106 
n′m = 1.45 
  µa,m = 20m
-1 
1.773 105 1.976 105 1.963 105 1.903 105 2.021 105 
n′m = 1.45 
 µa,m = 85m
-1 
7.536 105 8.396 105 8.342 105 8.089 105 8.588 106 
n′m = 1.45 
  µa,m = 150m
-1 
1.330 106 1.481 106 1.472 106 1.427 106 1.515 106 
 
Table 6: Values of Pd (Wm-3) computed by using λ0 = 1064 nm, different models and 
different geometrical or constitutive parameters. 
 
3.4 CONCLUSION 
Our experiments, for the first, introduced a set of simple models to study the 
photobiomodualtion of mitochondria. Utilization of these models showed, for the 
phenomenon of interest, that the incident field polarization has small effects on the 
EM field and negligible consequences on the average energy and dissipated power 
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densities. The same was shown to hold true for the different dispositions that the 
mitochondria can assume.  
The analogous conclusions were obtained by taking into account the possible changes 
in the dimensions or of the real part of the refractive index of the considered 
organelles. The variations of the absorption coefficient were shown to have 
significant effects on the average dissipated power density in the mitochondria but 
these effects can be predicted in a surprisingly simple way. Moreover, it was shown 
that the numerical analysis, of the problems of interest, could be computed by using 
three-dimensional models, involving only a few mitochondria in the plane, which was 
transverse to the direction of propagation of the illuminating light.  Finally, the results 
surprisingly showed that trivial one-dimensional models provide significant 
information on the electromagnetic field, which stimulated the mitochondria in the 
handled problems. 
3.5 STUDY LIMITATION AND FUTURE PRESEPECTIVES 
Our results have provided information on attenuation behavior of the electrical 
field of the 980nm photobiomodulation, delivered with a flattop beam profile 
device on the mitochondrion. However, within the limitation of our research that 
was carried out to provide information on the local EMF, we suggest further 
studies need to be conducted, to analyze further the EM field behavior and to 
increase further the knowledge on the PBM light attenuation on bone cells. An 
introduction of our simple one-dimensional model, for the first, would be the first 
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